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Abstract 


In this article different lines of approach to a geochronology of the deep ocean bed, as 
revealed by sediment cores, are indicated. 


One of the most difficult problems met with 
in the stratigraphy of the deep ocean bed is 
that of dating the different strata, ie. the 
chronological problem. For continental rocks 
radioactive age-determinations from the ratio 
lead or/and helium to uranium or/and thorium 
have afforded the means of establishing an 
absolute chronology spanning over 2 109 
years or more!; but the disintegration of the 
two immensely longlived parent elements 
is far too slow to be of any use in dealing with 
deep ocean sediments. Moreover, in deep sea 
deposits the content of uranium, and in still 
higher degree the content of thorium, are 
extremely small and the mechanical structure 
of these deposits is altogether unsuitable for 
either helium- or lead-determinations. 

Fortunately there are other, more short- 
lived elements in the uranium series which 
lend themselves to age determinations. In 
order to explain the surprising scarcity of 


1 Other methods of age determinations, using ru- 
bidium or the ratio between lead isotopes etc., have 
not yet come into extensive use. 


radium in sea water compared to its content 
of uranium [1] the author in 1936 [2] suggested 
that a precipitation occurs in sea water of its 
immediate parent element, ionium, together 
with ferric hydroxides, carrying down the 
ionium produced from dissolved uranium, or 
at least a considerable part of it, to the bottom 
sediment where it subsequently gives birth to 
radium. This process would, incidentally, also 
explain the remarkably high content of radium 
in certain abyssal sediments, especially in the 
Red Clay and the Radiolarian Ooze, dis- 
covered already by Joun Jory [3]. Radium 
determinations in some relatively long cores 
taken by the explosive core sampler of C. 
Piccot and published by Piccor and Urry [4] 
proved that there occurs a decrease in radium 
with “depth” below the sediment surface. 
Apart from the very uppermost 20 to 30 
cms of the core, where an increase of ionium- 
supported (and possibly also a decrease in the 
excess of non-supported) radium complicates the 
trend, the curves published by the two authors 
show a pronounced exponential decline in radi- 


se: 


2 EPANNES = BEBENETEBFRSSESIGEN: 


, um content with “depth” i.e. with time. The 
| rate of decrease, if ascribed to unsupported 
| radium, is much too slow to be compatible 
: with reasonable values for the rate of sedimen- 
tation, but if ionium is accepted as the dominant 
‚substance the figures become acceptable and 
afford plausible values for the rate of sedi- 
mentation [5]. This method gives promise of 
becoming useful for deep-sea sediments of a 
fairly high radium content, except in localities 
where an admixture of grains of active mine- 
rals with uranium-supported radium, say of 
volcanic origin, may give rise to errors [6]. 
Unfortunately, even under favourable cir- 
cumstances, with sediments where the rate 
of sedimentation and of ionium precipitation 
have remained constant or at least in constant 
relation over a sufficiently long span of time, 
the method can hardly be used over more 
than 3 or 4 half-periods of ionium, i.e. 250 000 
to 330000 years, owing to the low residual 
content of radium after this time; 6 to 12 
percent of the maximum value near the surface. 
Another radioactive disintegration process 
| which in certain cases may afford chronological 
levidence is that of radium itself, where this 
‚element has happened to become separated 
! from its parent element ionium. This seems 
to be the case in the manganese concretions, 
owing to the pronounced affınity between 
radium and manganese. Working on man- 
ganese nodules from the central and the eastern 
Pacific, obtained from the Challenger and the 
Albatross collections, the author, from the 
rapid decrease in radium with “depth” beneath 
the nodule surface has found it possible to 
obtain values for the mean rate of radial 
growth averaging about 1 mm in 1 000 years 
is]. It will be interesting to compare these values 
found from Pacific nodules with those for 
nodules obtained to the south east of Bermuda 
during the Swedish deep-sea expedition. 
“Tf we compare the very slow disintegration 
of uranium and of thorium to the hour hand 
of the radioactive clock, we may say that the 
ionium decay, as used with deep sea deposits, 
| represents the minute hand, and that of the 
radium built into the manganese concretions 
the second hand. 
~~ Within the limitations, set out above, 
radioactive age-determinations from ionium- 
supported and unsupported radium in deposits 
and concretions may become useful in the 


establishment of a chronology of the latter 
half of Quaternary Age. In his dissertation 
on the utilization of the volcanic ash layers in 
Iceland as means of dating ancient sites, S. 
THORARINSSON has coined the term tephrochro- 
nological for the geochronological use of 
volcanic ash layers [7]. In a review of THora- 
RINSSON’S thesis the present author pointed out 


the use which submarine geology might ; 


derive from this means of investigation, which 
had, in fact, already been employed by Miss 


Nees in her very able work on the sediments 


from the Sunda Seas raised by the Snellius ' 


expedition [8]. 

During the experimental cruise to the western 
Mediterranean with the “Skagerak” in 1946 
our expectations of finding in the sediment 
cores, layers of volcanic ash were amply 
fullfilled. In a preliminary study [6] of three 
cores taken from the Tyrrhenian Sea I have 
attempted to correlate some of the uppermost 
ash layers with historic eruptions of Mount 
Vesuvius and of its predecessor Monte Somma. 
A mineralogical study of samples from the 
same cores made by Me urs [6], although not 
directly confirming the attempted dating, did) 
not contradict it. Future work on these and. 
other cores, some of which were taken during 
the recent Swedish Deep Sea expedition in the 
same locality, will confirm or refute this 
attempted dating. There is little doubt, how- 
ever, that such a closer study, comprising also 
cores taken near the N African coast from the 
“Skagerak”, and in the eastern Mediterranean 
from the “Albatross”, will afford a unique 
register of the volcanic eruptions of the explo- 
sive, ash-producing type in the Mediterranean 
and possibly lead to results also of archeological 
interest as regards the last thirty to forty 
centuries. Already a cursory examination of the 
1946 cores indicate a much greater volcanic 
activity below the —6 meter level in the 
cores than in their upper parts. If it proves 
possible to correlate the ash layers from dif- 
ferent cores taken in the same region, isochronic | 
surfaces within the sediment may be con-. 


structed, leading to a relative chronology ot | 


the region considered. 

In the open oceans such ash layers are rela- 
tively rare. Nevertheless in a number of long 
cores raised by means of the Piccor core 
sampler from the N Atlantic Ocean in 1936, 
American geologists have found two distinct 
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layers containing volcanic ash which were 
recognisable fomucusscure to another [9]. CS TARÇTIG? 
When the large material of deep sea cores ; cm. —WARM COLD — 
brought ike by the Swedish Deep Sea & | 
expedition have been subjected to a mine- ? is ] ons 
ralogical analysis much more will be known 3 oo 34024 L- 
about the role of volcanic ash layers and the 4 a 
\chances they may offer of a relative chrono- : 3403 | SPECIMENS 
logy of the different strata from a region 2 200- Am 
surrounding volcanic islands. = 3404 a | Se 
At present the most promising way of & SH 
arriving at chronological results in deep-sea "300-1 zsosal- 
stratigraphy seems to be that of biological al 
analysis, notably on the composition =. the 34064 | 
foraminiferal tests or shells in different levels 4 
of cores from calcareous ooze, especially, of 34078 | 
course, the so called Globigerina Ooze. ag BROKEN 
Already nearly forty years ago E. PniLippr, el SEC 
from his investigation of the biological com- e 
ponents in bottom samples raised by the EN 
German South Polar Expedition 1901—03, fl | 
pointed out that faunal changes have occurred 340A 
affecting the composition of the bottom ja BROKEN 
SPECIMENS 
sediments [ro]. In 1911 G. Braun |rı] called sara 
attention to the opportunities afforded by ers Be 
the change i in the composition of the sediments sas | 
at a certain level below the surface, indicating ® | 
B BROKEN 
the commencement of post-glacial time. Tater sax EI SPÉCIMENS 
authors have worked up the samples taken AR 
from different levels in deep-sea cores with sa] | 
regard to the relative composition of the fora- a 
miniferal shells of more or less thermophile ie 
species, as indicators of climatic changes. In 345 | 
this manner W. SCHOTT, working on cores le] 
raised by the “Meteor” from the equatorial 
Atlantic was able to fix the level corresponding | 
to the end of the last glaciation, assumed to BEE] 
have occurred 20 000 years ago, and in this 1200 38a — 
way estimate the rate of sedimentation in an 
post-glacial time [12]. The same method ger) OC CIMENS 
was also applied by CusHMAN and HENBEST [9] °° gl 
to the Northatlantic samples mentioned rs | 
previously and by WISEMEN to cores raised ee 
from the Indian Ocean. OT] sas El = BEER 
On my invitation Dr F. PHLEGER undertook = ) SPECIMENS 
to analyze a limited number of samples dl 
from three cores from the Tyrrhenian Sea Bee “ren 


with respect to their foraminifera. He found 
very pronounced variations with ‘depth” 

which he attributes to two cold and one 
warm period in the Mediterranean surface [13]. Fig. 1. Approximate relative water temperatures indi- 
Dr PHLEGER, who accompanied the “Albatross”  cated by the faunas of Foraminifera from Core 34 taken 


on her cruise between Martinique and Christo- at ALBATROSS Station 30: 


4 HEASNISE PIE-TITIEIRISS ON] 


bal in August 1947, sampled a long core taken 
in calcareous ooze near the centre of the 
Caribbean Sea, from a depth of 4 900 metres. 
The diagram in fig. ı is reproduced from 
his paper, which has just been published [14], 
and displays an intricate pattern of changes 
from cold to warm and back, affecting the 
plankton community in the surface waters 
of that region during a past which may well 
extend back beyond the antepenultimate 
glaciation. An analysis of a second core taken 
during our return voyage a year later near 
St Coix, which is at present being investigated, 
by Dr Putecrr, will shed more light on these 
highly interesting climatic variations. 

In the autumn of 1947 Dr W. ScHoTT, on 
my invitation, took up work in my institute 
on the foraminifera sampled from cores taken 
in the open Atlantic in July of 1947 on our 
cruise from Madeira to Martinique. Dr SCHOTT 
finds here, especially in one of the cores, 
1.7 metres long, evidence of pronounced 
climatic variations, which he is inclined to 
correlate with the well known radiation curve 
of Miranxovicz. It is to be hoped that when 
Dr SCHOTT resumes his work here next year 
he will also be able to study cores from our 
second Atlantic crossing in June—August 
1948 taken nearer the equator. 

The scope of the foraminiferal analysis is 
necessarily limited to cores fairly rich in cal- 
careous tests, whereas with cores of Red 
Clay, extending back into a much more remote 
past, the shells are in general too scarce and to 
affected by the dissolving power of sea-water 
to lend themselves to a biological analysis. 
In addition to his, pronounced climatic varia- 
tions like those characterizing the glaciations 
during the Quaternary Age are not believed 
to have occurred during the Tertiary, except 
towards its final phase with deteriorating 
climatic conditions. 

Another line of attack on the chronological 
problem by investigating biogenic compo- 
nents in the sediment is that of pollen analysis. 
Samples from the three Tyrrhenian cores 
mentioned above were submitted to a cursory 
pollen analysis by Mr C. Larsson of the Swedish 
Geological Survey [6]. A surprisingly high 
number of pollen grains, largely from Pinus 
species were counted in different levels with 
considerable variations both in total number 
and in composition during the span of time 


corresponding to the deposition of the cores. 
The lack of a dependable pollen-analytical 
key for the western Mediterranean region 
makes it at present difficult to carry the analysis 
further but the results, as they are, seem to 
promise that the pollenanalytical methods, 
which have given such magnificent results on 
terra firma in Sweden and other countries, 
may also prove of use for submarine chrono- 
logy. In the open oceans the chances of finding 
identifiable pollen grains in sufficient numbers 
for an analysis are obviously not great. Still in 
the vicinity of ocean islands or near coasts 
with dense vegetation one may expect to 
find a fair amount of pollen grains in the sedi- 
ments also in considerable depths, where the 
prevailing winds have carried them out over 
the sea surface. The establishment of a de- 
pendable pollen-analytical key is an obvious 
prerequisite if the analysis is to be of lasting 
chronological value. Thanks to the recently 
published investigation by ©. H. Serring [rs] 
on the pollen grains found in borings on the 
Hawaiian islands an advance towards this goal 
has been made. On Professor SKOTTSBERGS 


instigation, borings were made in a peat bog 


on the Tovii Plateau of Nukuhiva by a landing 
party from the “Albatross” during our stay 
at that island, which may be hoped to give 
another contribution to the same purpose. 

A highly speculative possiblity of a different 
geochronological method seems to be offered 
by the cosmic spherules, described by Sir Jon 
MURRAY and RENNARD as rare components of 
deep-sea deposits with a very slow rate of sedi- 
mentation. The number of these tiny pellets 
of fused meteoritic iron may reach about 
one score in a quart of Red Clay and much 
less in Globigerina Ooze. An investigation 
on the frequency of such cosmic spherules in 
the different levels of deep-sea cores may 
yield results of considerable interest. Apart 
from fortuitous variations in the distribution 
of meteorites over the planets surface, which 
will become equalized over a long span of time, 
one may expect variations in the frequency of 
meteoric showers per annum to have occurred 
as the sun with attending planets passes in 
and out of clouds of cosmic dust on her path 
through the universe. According to a hypo- 
thesis propounded by Swinne meteorites 
should be a relatively recent occurence, limited 
to the last 25 000 years and have been absent 
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+) during preceding millions of years/ If this 

were true, cosmic spherules should also be 
limited to the uppermost centimeters (or 
decimeters) of slowly accumulating deposits 
and should be absent in deeper and older 
strata. Anyhow, a variation with “depth” in 
the number of the cosmic spherules would 
afford interesting information on the frequency 
of iron meteors in the past. It is conceivable, 
that in case such variations are found to be 
reproduced from one core to another, the 


fre az curves representing the variations 


might afford independent means of con- 
structing isochronic surfaces in the sediments. 

With this purpose in view, but also for 
other investigations where larger quantities 
of material are required/ I had one piston 
core-sampler provided with extra wide tubes: 
4" bore instead of the ordinary calibre of 2”, 
intending to use this wider sampler which 
yields 4 times more material per unit of 
length (the total length is limited to 6 metres), 
especially in the Red Clay area of the Central 
Pacific Ocean, which Murray found to be 
particularly rich in cosmic spherules. Inciden- 


tally, the frequency of these spherules might, 


apart from fortuitous variations, serve as an 
inverse measure of the rate of sedimentation!. 

Unfortunately the wide-bore sampler was 
lost at the first attempt to use it, owing to an 
accidental breaking of the steel wire rope, 
already in the eastern Pacific. In Honolulu it 
was replaced by others, which were used 
occasionally during our continued cruise, 
especially during our last Atlantic crossing. It 
was found that the shorter and wider sampler 
was more easily worked than the longer samp- 
lers immediately after trawling experiments, 
since these experiments produced a marked 
after-effect on the wire rope, making it rotate 
the suspended core sampler. 

The different approaches to the chronology 
of the deep-sea deposits reviewed above will 
be tried out during the working up of the 
great material, 1 640 metres of deep sea cores, 


collected by the Swedish Deep-Sea Expedition. 


1 Dr KUILENBERG has called my attention to the 
opportunities offered to oceanographers of a remote 
future of identifying our own ‘‘coal age” by the cin- 
ders scattered over wide areas of the deep ocean bed 
specially along the transoceanic steamer routes. 
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Abstract 


Regular recordings of ionspheric effects of solar flares with different kinds of apparatus 
were started at the Geophysical Observatory, Chalmers University of Technology, Gothenburg 
early in 1948. The results of the first half year are presented and analysed in this preli- 
minary communication. The statistical distribution of radiation sources of stronger and 
weaker fade-outs across the solar disk is shown. The magnitude and probability of the 
absorption of the ultraviolet fade-out radiation in the solar corpuscular beam is discussed. 


Introduction 


Almost ninety years ago the well known 
solar observer R. C. CARRINGTON [1] happened 
to observe the simultaneous occurrence of a 
bright solar flare, in the regions of sun spots, 
and certain disturbances of terrestrial magnet- 
ism. The disturbances found by CARRINGTON 
(when surveying the Kew Observatory mag- 
netic records a day or two after the detection 
of the chromospheric eruption) were followed 
about 18 hours later by one of the most 
outstanding magnetic storms within the last 
100 years. This storm, and especially the 
remarkable coincidence of the solar flare and 
the crochet in the magnetograms, was not 
considered seriously by other workers in the 
field at that time. Lord Ketvin for example 
regarded the evidence as a mere coincidence. 
CARRINGTON himself, although considering the 
phenomenon as deserving of notice, said that 
“he would not have it supposed that he even 
leans towards hastily connecting them”. 

About thirty years later C. A. Young called 
attention to simultaneous occurrence of bright- 
ening of Ho light in sun spot regions and short 
bay-disturbances of terrestrial magnetism. He 
believed [2] that the active agent connecting 


the two phenomena was propagated from the 
Sun to the Earth with the velocity of light. 
This important suggestion was not considered 
favourably by contemporary investigators. 
This was probably due to the fact that one had 
found the great perturbations of terrestrial 
magnetism, the magnetic storms, to be related 
to solar activity in a statistical sense only. 
Further attempts to associate magnetic storms 
with central-meridian passages of sun spots 
indicated a time lag varying from one to 
several days. 

A fresh impetus was given to the study of 
these phenomena when in 1937 R. Jouausr [3] 
and J. H. DezuNGer [4] independently drew 
attention to simultaneous solar eruptions, short 
magnetic disturbances and short, intense radio 
fade-outs. The magnetic disturbances shared the 
characteristics of the radio effects, viz. absence 
of disturbance over the dark hemisphere, simul- 
taneity throughout the portion of the earth 
affected, suddenness and finally maximum 
intensity in the regions where the Sun’s 
radiation descends vertically. 

J. A. Freming |s] and A.G. McNisu showed 


that the magnetic effect is an augmentation 
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of the normal daily variation over the sunlit 
hemisphere, probably due to increased ioniza- 
tion of the atmosphere, by ultra-violet light 
from the solar eruption at the bottom of or 
below the E-layer. 

Although some of the magnetic effects 
resemble magnetic bays it should be stressed, 
in this connexion, that ordinary bays are 
different phenomena, especially since they 
occur frequently during the night hours. 

A considerable amount of fade-out data 
was collected and published in the years 
1936—1938 and it later appeared that the 
fade-out frequency decayed in very much the 
same way as the solar activity after the sun 
spot maximum in 1938. Now we are passing 
a maximum of particularly high relative sun 
spot numbers, R, and it is not astonishing 
that fade-out phenomena occur rather fre- 
quently. 

Although a great many fade-outs have been 


fe) 
observed so far, we know only the general 


nature of the terrestrial effect of Hee solar 
flare. Meagreness of data, for example on 
the nature of light-emission from the chromo- 
spheric eruptions and on the physical state of 
the lower ionosphere, renders speculation re- 
garding the ionic processes involved quite 
difficult. A more careful radio investigation 
seems to indicate that the radio effects of the 
solar flare in the lower ionosphere, i.e. the 
long wave effect, are not unambiguous. 
Similarly the magnetic effects vary. Often the 
disturbance has a characteristic V-shape, some- 
times it is oscillatory and sometimes a combina- 
tion of both types with a more or less irregular 
form. If the actual change with time of ultra 
violet radiation from the solar flare were 
known, the shape of the magnetic disturbance 
would be very important as a measure of the 
recombination rate in the lower ionosphere, 
where the ultra violet flare radiation is believed 
to be absorbed. M. WALDMEIER [6] has deter- 
mined the general shape of the visual light 
intensity curve and finds roughly that the 
increase is quite steep and covers about one 
third of the flare time. The flare intensity 
curve may thus be V-shaped. Consequently 
the crochet in the magnetograms should have 
about the same shape if the effective re- 
combination is rapid enough. 

Another interesting feature concerns the 
emission of radio noise from sun spot regions. 


Sir EDWARD APPLETON and J. S. Hey [7] report 
as a definite result that when a solar flare 
occurs which is accompanied by a radio 
fade-out, there is also in many cases a marked 
enhancement of solar noise. On the other 
hand C. W. ALLEN [8] from Australia finds, 
that briefly put, the position is that while an 
outburst of radio-noise may on occasions 
accompany a flare, most flares are not ac- 
companied by radio noise. It should also be 
pointed out that for different wave-lengths 
there is comparatively little detailed agreement 
between the bursts of radio noise. Several 
workers in this field, like ALLEN, seem to 
believe that the location of the source of the 
noise is not in or near the photosphere or 
chromosphere but is probably high in the 
corona. It is further suggested that the noise is 
stimulated by for example ultraviolet excita- 
tion proceeding from a flare. However, it 
does not seem unlikely to us that both the 
flare and the noise arise from a single source 
of discharge character producing, at the same 
time, a flare in the lower levels and an excita- 
tion in the higher levels where the ion and 
electron density is sufficiently low to let the 
ultra short wave radiation through. 

It appears from what has just been mentioned 
that much more observational material is needed 
if we are going to be successful in understanding 
the nature of the solar flare and its terrestrial 
effects. International cooperation is especially 
important in this connexion, between the © 
astronomers, the radiophysicists and the geo- 
physicists so that enough material can be 
exchanged for statistical treatment. 

The Geophysical Observatory of the Research 
Laboratory of Electronics, Chalmers University 
of Technology, Gothenburg, Sweden, therefore 
early this year (1948) started extended series 
of observations regarding the terrestrial effects 
of solar flares. These observations include 
continuous ionospheric recordings, recording 
of long and short wave signals and, quite 
recently, also recordings of peaks of solar 
noise. These observations, which will be 
further extended, are intended to run over a 
number of years. Our results will be published 
as a series of preliminary reports, generally 
covering a period of six months each. The 
following sections contain the main results 
and preliminary conclusions from the first 


half year of 1948. 
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Discussion of recorded results. 


Continuous observations at the Askim field 
station (57°41’ N, 11°50’ E) [9] of the 
ionosphere have been undertaken for a number 
of years, unfortunately with several long 
interruptions during the war and immediately 
after. For the purpose of fade-out recording 
the field station was later equipped with 
recording signal strength meters, both for 
short and for very long waves. All of these 
recorders have been running continuously 
since February 1948. 

Of the wealth of recorded data a few typical 
examples will be presented and discussed in 
this section. On March 20, 1948 at least two 
typical fade-outs were recorded, a weaker 
one between 10.44 and 10.55 Local Mean 
Time (LMT = GMT + 48 minutes) and a 
stronger one between 13.12 and 13.27 LMT. 
Zürich reported solar eruption (H«) from 
about 10.44 to 10.58 on the western edge of 
the solar disk. Unfortunately no further obser- 
vations were carried out at Ziirich that day. 
Huancayo Geophysical Observatory, Peru, re- 
ported two fade-outs the same day, one be- 
ginning at 13.13, the other one at 18.33 (all 
time figures in the following are given in 
Gothenburg LMT). The late Huancayo fade- 
out of course could not be recorded on our 
hemisphere. 

In fig. 1 a is shown the field strength record 
of the Daventry 15.18 Mc/s signal. As usual 
the fade-out begins with a very sharp decrease 
in signal strength followed by a slower re- 
covery. It seems likely that at about 13.45 a 
new burst of ultra-violet radiation (although 
considerably weaker than the first one) causes 
a second and marked depression in the signal 
strength curve. The long wave record of the 
Rugby 16 kc/s signal, as shown in fig. 1 b, 
shows a marked perturbation which however, 
as is often the case, is difficult to analyse. To this 
question we will have occasion to return 
later. It is sufficient in this connexion to note 
that the fade-out radiation was sufficiently 
intense to penetrate to the low ionospheric 
level of 16 kc/s wave reflection. This fade-out 
is classified as belonging to the group labelled 
Intensity 3. This is also obvious after an 
inspection of the vertical incidence 3 Mc/s 
record from Askim reproduced in fig. rc. 
Shortly before complete absorption the wave 


experiences an increase in virtual height of 
not less than ıs km. 

The horizontal component of the terrestrial 
magnetic field shows the typical V-shaped 
impetus as shown in fig. td, which is an 
enlargement of a magnetogram kindly supplied 
us by Dr N. AMBOLT from the Lové Observa- 
tory (59°24° N, 17°48’ E). At about the time 
of the possible second influx of ionizing 
radiation there is a second small crochet in the 
diagram, but whether this is a mere coinci- 
dence or not can not be decided at this stage. 

Finally we reproduce in figs. re and rf 
copies of to Mc/s and 11 Mc/s signal strength 
records from Huancayo kindly sent to us by 
the Geophysical Observatory. Both show 
typical equatorial features. A very sharp 
decay followed by a slow and characteristic 
recovery. 

In conclusion it should be remarked that 
for example the Witteveen magnetic observa- 
tory recorded the effect of a strong solar 
flare lasting from 13.12 until 13.32 LMT 
with a maximum deviation in H of — 40 
gammas. 

A month later, April 20, another fade-out 
of similar intensity was recorded as depicted 
in fig. 2. The fade-out was recorded at Askim 
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Photograph of the sun taken on 1948 April 
20 (Stockholm Observatory, Saltsjöbaden). 
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as lasting from 13.12 until 14.02. On the 
same day Huancayo reported a fade-out 
13.03—13.48. 

As far as the variation in H is concerned we 
notice in this particular case a clean example 
of fade-out magnetic impetus. The pulse rise 
was about 5 minutes long with a decay time 
roughly four times as long. That such a rapid 
rise is possible is in itself a certain indication 
of the fast recombination at the lower iono- 
spheric levels where the variation currents, 
augmenting the daily variation in H, flow. 

The 16 ke/s record shows a sign of perturba- 
tion but, as before, its nature is difficult to 
analyse. 

A moderate magnetic storm began gradually 
at about 00.48 LMT on April 22 and continued 
until about 18.48 the same day. This has been 
confirmed by reports from several magnetic 
observatories, for example College Magnetic 
Observatory at longitude 147°49'.3. If the 
fade-out and the storm are traced to the same 
source this would mean that the charged 
particles causing the storm would have been 
on their way from Sun to Earth about 36 
hours. This corresponds to an average velocity 
of about 1150 km/sec., a reasonable value 
if the ejected atoms are supported by radiation 
pressure in the solar atmosphere. 


In fig. 3 is shown a solar photograph taken 
by Dr Y. Önman at the Stockholm Observatory, 
Saltsjöbaden. The solar flare can be attributed 
to any of the spot regions. To what group 
could the corpuscular effect, eventually causing 
the moderate magnetic storm, be attributed? 
There are only faint groups near the sun’s 
optical center and even for these groups 
the distance from the center never is less than 
about 22°. In order therefore to explain the 
moderate storm we have to assume in this 
case either that one of the spot groups was 
capable of considerable corpuscular radiation 
in a non-radial direction or that polarized 
corpuscular beams in space might be able to 
induce gaseous discharges in the upper terres- 
trial atmosphere producing, perhaps, a kind 
of auroral current zone. 

It seems obvious that a very extended sta- 
tistical analysis of the solar flare and its terres- 
trial effects is necessary in the future discus- 
sions of these problems. All considerations 
must at present be of a very speculative char- 
acter, 

In fig. 4 we reproduce typical records of 
a fade-out of intensity 2 on May 8, 1948. 
As recorded on the sensitive vertical incidence 
ionospheric recorder the fade-out lasted from 
19.17 until 19.22. The decrease in the short 
wave field strength was not as sharp as in the 
case of a fade-out of intensity 3 but the long 
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wave record, on the other hand, showed a 
characteristic variation as depicted in fig. 4 b. 
A marked peak in signal strength was followed 
by a rapid but marked depression. This varia- 
tion resembles the fade-out variation recorded 
on shorter long waves which are reflected at a 
higher level in the lower ionosphere, in day 
time, than are the 16 kc/s waves. A typical 
impetus was recorded in the magnetograms as 
reproduced in fig. 4d. The maximum devia- 
tion was about — 10 gammas. 

As a final typical example we have collected 
the fade-out records of June 3, 1948, shown 
in fig. 5. The phenomenon was classified as 
being of intensity 3 with a duration of about 
28 minutes ee at 10.11. The short wave 
signal strength record showed a typical second 
“depression sid the H magnetograms a charac- 
teristic impetus with an amplitude of about 
11 gammas. The pulse increased to this value 
in about 6 minutes and then decayed in about 
23 minutes. As so many times before, at our 
geographical location, the time of decay was 
about four times as long as the rise time for 
this clean sample. The atmospherics, received 
on 15 kc/s, increased irregularly during the 
fade-out, as shown in fig. $ a. This is in ac- 
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Fig. 5. 


Fig. 6. Short-lived sudden disturbance as observed on 
long waves (16 kc/s) with phase apparatus (6 July 
1938) by Budden, Ratcliffe and Wilkes. 


cordance with the early results of R. BUREAU 
[ro] who more than ten years ago demonstrated 
the increase of long wave atmospherics during 
solar flares. 

Let us return to the question of long wave 
reflection in the ionosphere at the time of a 
fade-out. In fig. 6 we have reproduced a 
curve deduced by K. G. Buppen, J. A. RAT- 
CLIFFE and M. V. Wırkes [11| from observa- 
tions on a long wave (16 kc/s) phase apparatus 
during a short-lived disturbance of fade-out. 
For the reflexion heights in question (of the 
order of 70 km) and over the range of phase 
angles involved changes of phase are propor- 
tional to changes of reflexion height. The 
required change of scale is such that 100° 
represents 3.16 km. The dashed curve indicates 
the characteristic phase change on an un- 
disturbed summer day. 

First of all it is worth noting that the average 
reflexion height at noon is about 17 km lower 
than at night. A probable height range is say 
73 to 90 km at the time in question. The 
first question one asks before considering the 
effect of the sudden disturbance concerns the 
regular reflector. The shape of the regular 
phase curve shows that the (in this case ver- 
tical incidence) long wave is reflected from 
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the tail of a Chapman region. Of course it is 
of specific importance to investigate whether 
this can be the tail of the E-region. 

The normal E-region formed with a 
maximum at a height of say 110 km, however, 
should not be sufficiently ionized ata level of 
73 km to produce the required reflexion. It is 
on the other hand possible that shorter 
and less absorbable ultraviolet wave-lengths, 
beyond the absorption limit, will be of im- 
portance in augmenting the tail ionization of 
the layer. Further radio measurements re- 
garding this question thus are of considerable 
importance. 

Turning now to the fade-out augmentation 
of the ionization at the base of the E-layer we 
find, from fig. 6 for example, that the change 
in the reflecting region is remarkably rapid 
even if it occurs late in the summer afternoon. 
In the case of fig. 6 the reduction in height was 
of the order of 3 km. Still the noon level of 
reflexion was not reached on the particular 
Occasion. 

On account of the rapidity of the phenom- 


enon one must assume that qa, where q is 
the intensity of the ionizing fade-out radia- 
tion and « the effective recombination coefti- 
cient for the reactions involved at the low 
ionospheric level, is quite large. In order to 
explain the augmentation of the magnetic 
field during the fade-out as due to currents 
produced at this low level one has to assume 
that the low layer gets an integral conductivity 
at least as great as that of the E- and F,-layers 
combined. This is necessary, it seems, because 
theoretical work on atmospheric tides indi- 
cates that the tidal motions tend to increase 
with height. The electric forces causing the 
currents at the fade-out level therefore can 
hardly be greater than in the E- and F,-layers. 

BUDDEN, RATCLIFFE and Wırkes find that 
even at the low level of 70 km the free elec- 
trons must be mainly responsible for the return 
of the very long waves. In order to produce 
the required integral conductivity by ions 
at this level, where the scale height only 
is of the order of 6 km!, the ion density 


! The temperature minimum at the 70 km level 
(about 180° K) predicted by Humpnrrys (from ob- 
servations of noctilucent clouds) and measured by radio 
methods by BUDDEN, RATCLIFFE and Wırkes has now 
been proved in USA with V-2 rockets. Naval Re- 
search Laboratory Report R-3294, 1048. 


would have to be about 2-109 per c.c. So 
many ions are enough to reflect waves of 
about 200 meter wave-length if the influence 
of the high collisional friction at this level is 
neglected. The required electron density to 
produce the same integral conductivity as 
before is of the order of 2-108. Again, neglecting 
the collisional friction, this would correspond 
to a critical frequency of about 12.5 Mc/s. 
The high ion density is: hardly consistent with 
the result of BUDDEN, RATCLIFFE and WILKES. 
The high electron density, on the other hand, 
could hardly be verified with vertical incidence 
radio reflection methods on account of the 
high collisional frequency. In the rare cases of. 
even intenser ionization it might be possible 
that ultra short waves of very oblique incidence 
could be transmitted over considerable dis-. 
tances. — Here seems to be a possible field 
for further investigations. 

The puzzling question at present remains 
unsolved, however. The time for the electron 
density to reach equilibrium roughly is of the 


order of s/Yg& seconds. With «at least 10-8 and 
the electron density 2 - 10% this time would be 
less than about four minutes, a quite reasonable 
value. 

Sweep frequency measurements of the 
ionosphere indicate, as is well known, that 
there is hardly any change in the E-layer 
immediately after the fade-out, at the most a 
very small increase in electron density. One 
therefore has to assume, that a low level 
ionization of the magnitude suggested actually 
is produced during fade-outs. This means not 
only that the level of reflection is decreased 
but probably also that the magnitude of the 
reflection coefficient must increase. 

Bureau [12] recording long wave noise in 
February—March 1941 found insignificant 
effects of solar flares on a wave-length of 25 
km (12 kc/s) but very marked effects on a 
wave-length of 10 km (30 kc/s). This is in 
complete agreement with our own results 
which show that the sı kc/s British long 
wave practically always is perturbed during 
fade-outs while the effect on the 16 kc/s wave 
sometimes is doubtful. Thus it appears that 
normally the fade-out radiation is not effective 
much below the level of reflection of 16 kc/s 
waves. This indicates that the “fade-out layer” 
is fairly sharp perhaps with a faint D-type 


ionization below its base. 
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The fade-out effect on the long waves 
(say 30 kc/s or higher frequency) thus is two 
fold. The amplitude of the returned wave 
increases and the phase lag is reduced. At the 
receiving end the resultant sum of ground 
wave and reflected waves therefore is likely to 
exhibit a complex character. It is not im- 
possible, if the distance from the sender is 
not too short and not too long, that a total 
signal maximum will be produced instead of 
a minimum if the phase change between the 
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Fig. 8 and 9. Recovery of Daventry 15.18 Mc/s signal 
strength after fade-out. 


components is sufficient. At first sight one 
would expect an intensity curve, on the signal 
intensity recorders, bearing a symmetrical 
relation to the rise and decay time of the 
magnetic impetus. This should be possible 
only around noon when the height of the 
normal reflector above the “fade-out layer” is 
fairly constant. 

Let us look at a few examples of typical 
fade-out effects on the British 51 kc/s wave. 
In fig. 7a is reproduced a typical longwave 
effect of a morning fade-out, September 
20, 1948. The initial increase in signal strength 
is followed by a characteristic depression. 
Fig. 7b on the other hand depicts a noon 
effect of quite different nature. 
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It is obvious from what has already been 
mentioned in this section that an analysis of the 
long wave records is very difficult at the 
present stage of our knowledge. That further 
long wave measurements, with an improved 
technique, are highly desirable is certain. It is 
also possible that future statistical treatments 
of the long wave disturbances may give an 
indication of the actual nature of the phenom- 
enon. For our immediate object, however, 
the statistical treatment of the solar flares, it 
is sufficient to examine first of all the magnitude 
of the long wave perturbation, not its shape or 
form which must be left to a later investigation. 

Finally we have in figs 8 and 9 depicted 
several characteristic examples of the recovery 
of the Daventry 15.18 Mc/s signal strength 
after fade-out. If it is assumed that the receiver 
is reached by only one ray the increase in 
decibels roughly is proportional to the decrease 
in integral conductivity of the “fade-out” 
layer. It appears from these figures that sel- 
dom the recovery time is shorter than about 15 
minutes. A recovery time of 45 minutes is 
about normal. 

All cases of ionospheric disturbance which 
gave reason to be ascribed to fade-out ioniza- 
tion, thus including cases of intensity 3, 2 
and ı and even improbable cases, have been 
compiled in table 1. In the table all time 
figures are given in LMT as before. Dash 
means that no record is available. The time 
figures are: Pulse + 0.5 min., short wave and 
long wave + I min., magnetic observations 
+ 2.5 min. 5 

In this table we find the times of begin and 
end of fade-out as observed on the 3 Mc/s 
ionospheric pulse record, and on the short 
and long wave stations. Further the start of 
magnetic impetus in the three elements H 
(horizontal force), D (declination), and Z 
(vertical force). All amplitudes are given in 
y=10- I’. Ifa magnetic disturbance followed 
the phenomenon this is also indicated. Nothing 
can, of course, be said about the coherence of 
the eruption effect and magnetic disturbance 
yet. Perhaps this feature can be illuminated 
somewhat statistically when a longer period 
of observations will be-available. The table, 
finally, shows relative sun spot numbers R 
kindly supplied by the Eidgenössische Sternwarte 
in Zürich. 

The main features of this table have been 


2— 835339 


represented graphically in fig. 10. Sun spots, 
in 1076 of the whole disk, in day-sector nearest 
to central meridian have also been shown after 
reports from the Stockholm Observatory. 


Preliminary statistical considerations 


Out of 75 cases which have been examined, 
26 or 34 % are fade-outs of intensity 3 to 2. 
Of these 8, or 31 %, are marked or of intensity 
3. In other words, while there happened 19 
fade-outs per month, only 2 cases a month, 
in average, were of striking intensity. Further, 
out of 75 cases 29, or 39 %, were of intensity 
I and 20, or 27 %, were improbable ones. 

Considering the 26 fade-outs of reasonable 
intensity we find that 8 of them or 31 % were 
followed by a magnetic disturbance after 
intervals lying between about 20 and 36 
hours. In 6 further cases the observations are’ 
uncertain but in 11 cases or 42% no magnetic 
disturbance could be detected following a 
fade-out phenomenon. This means that at 
least half of the solar disk or even two-thirds 
would not contribute to combined fade-out 
and magnetic disturbance displays. The re- 
maining fraction roughly corresponds to 
a part of the solar disk covering an area be- 
tween two meridians of about 60° distance 
from each other, thus giving a very rough 
image of the cone of corpuscles and its 
aperture!, since eruptions causing fade-out 
must be expected in equal distributions across 
the whole solar disk. 

Further as to terrestrial influence we find 
the following percentage of fade-outs with 
respect to solar altitude. 


Table 2 

° ie} Le] O le] fe) 
a 
Marked fade-outs at ho | ir | | | 
Le 10, Mo rer || Te 
H a Le] + un 

Weighted number (as to 
duration of observations)| o | o | 3 | 10] 8 | 6 


Thus for the season studied no fade-outs 
were observed at solar zenith distances of 
more than 70°. 


1 M. N. GNEvISHEV and A. I. Or [13] from com- 
parison of the 11-year curves of solar and geomagne- 
tic activities conclude that the average solid angle of 
the corpuscular stream is of the order of 8°. 
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It is quite interesting to make a preliminary 
statistical investigation as follows. One must 
expect an equal distribution of areas producing 
fade-out phenomena across the solar disk as 
already mentioned. If we now assume spots 


Sins center 


In the present investigation the phenomena 
were divided into the three groups, strong and 
medium fade-outs (intensities 3 and 2), weak 
fade-outs (intensity 1), and uncertain or 
improbable cases. The results are shown in 
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Fig. 11. Statistical distribution radiation sources of a) stronger fade-outs, 
b) weaker fade-outs, and c) improbable cases across the sun’s disk. 


situated anywhere to be combined with bright 
sudden eruptions we can divide the sun in 
day-sectors and count the sectors containing 
spots or spot-groups on any day with fade- 
out observations. The figures necessary for 
these investigations are kindly placed at our 
disposal by the Stockholin Observatory, Salt- 
sjöbaden, through the courtesy of Professor 
B. LINDBLAD and Dr Y. Önman. This observa- 
tory delivered for every day the figures for 
each of the six sectors between eastern edge 
and central meridian of the sun representing 
the area in 10-6 of the total disk covered by 
spots or spot-groups. Assuming these figures 
to have a certain tendency of persistence and 
in lack of the corresponding figures for the 
western half of the sun’s disk!, the figures in 
the sector 1 at days 0, +1, + 2, etc. were 
attributed to figures of sectors 1, 2, 3, etc. east 
and west of central meridian on the day when 
a fade-out effect was observed. Because of 
insufficient material no division of spot figures 
as to size has been possible. This attribution 
of weights to the figures ought to be reserved 
for a later investigation. 


* These figures are now supplied for the entire disk. 


fig. TI demonstrating that, as would be ex- 
pected, strong and medium fade-outs are 
distributed rather equally across the whole 
disk with least standard deviation (fig: tray 
while weaker phenomena yield a slightly 
increased standard deviation, but particularly 
a distinct minimum of active area at the third 
sector west of the central meridian, fig: 21) 
This minimum, which naturally is not defini- 
tely verified by this preliminary statistical 
treatment, could be interpreted perhaps along 
the following line. When Spots or spot groups 
have advanced on the solar disk as’ ap 
as 30—60° beyond the central meridian their 
stream of corpuscles, according to their migra- 
tion time, will reach the earth’s orbit. Looking 
from the earth towards the sun the ray di- 
rected to the eastern parts of the sun will have 
to pass through a shorter distance of corpus- 
cular jet than that directed to the western 
half of the sun as demonstrated by fig. ı2. 
The absorption of active ultra-violet light 
should therefore be less on path a) than on 
path b). If this absorption is small its terrestrial 
effects will be noted on weaker eruptions only. 
According to E. A. Mine [r4] the process 
of corpuscular emission from the sun should 
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eject atoms of all the kinds which show 
evidence of being supported by radiation 
pressure in{the chromosphere. Likely to be 
ejected are ionized atoms such as Cat, Tit, Srt, 
and neutral excited atoms such as H, He, Na, 


Fire 


Fe, Mg. Mine further showed that the corpus- 
cular velocities, at a great distance from the 
sun, do not much depend on the mass of the 
atom or on its particular absorption line. These 
velocities are of the order of 1 600 km/sec. 

The selective radiation pressure on the 
upward-moving atoms is more powerful 
than the general radiation pressure on the 
electrons in the solar atmosphere. Therefore 
the emission of neutral atoms and atomic 
ions are favoured so that streams or bursts from 
the disturbed solar areas initially will be posi- 
tively charged. The charged mass, ejected 
from the solar atmosphere, naturally will 
exert a strong electrostatic attraction on the 
abundant electrons below. Hence electrons 
must be drawn into the stream of neutral and 
positively charged atoms. This stream thus 
continuously becomes electrically neutral. The 
electrons lag behind until the separation of 
positive and negative charges sets up a compen- 
sating electrostatic field sufficient to equalize 
the acceleration of negative and positive 
particles. S. Cuapman [15], who early studied 
the properties of solar corpuscular streams, 
showed that a very small separation is enough 
for this purpose. 


Quite recently C. W. GAëRTLEN [16] has 
been able to show spectrographically that it 
is very likely that hydrogen in violent random 
motion is present during many auroras. He 
suggests that protons enter the upper atmosphere 


Ray paths through solar corpuscular beam. 


during auroras at velocities exceeding 200— 
500 km/sec.t. On fourteen out of fourty-four 
nights the hydrogen appeared before and 
during sudden outbursts of the aurora. This 
suggests, GAERTLEIN remarks, that the influx 
of hydrogen may initiate the larger outbursts. 
The quieter auroras do not show the hydrogen. © 

It next remains to study whether acceptable 
values of particle density of the corpuscular 
beam could produce the distinct minimum 
of fig. 11 b. Obviously the absorption must 
be moderate or small. Otherwise its effect 
should be noticed also in the case of the 
stronger fade-outs. 

A line of sight which traverses the corpus- 
cular stream from the sun to the earth will pass 
over approximately 3-1015-N, atoms per 
cm? of the beam if N, is the number density 
at the earth’s distance. For hydrogen atoms the 
effective absorption coefficient for the fade-out 
radiation could be estimated at 4 - 10-18 with 
an error at least of about one magnitude. The 
total absorption through the beam thus would 


1 C. W. ALIEN actually has observed a corpuscular 
emission from the sun travelling towards the earth 
with a velocity of 750 km/sec. [17]. 
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amount to about 1.2 10-2: Ny. Therefore 
an atomic (or ionic) density of about 10/cm* 
at the earth’s distance might produce the mini- 
mum tendency. For calcium ions the absorp- 
tion coefficient should be at least ten times 
greater thus producing noticeable effects 
when present at the earth’s distance even in 
quantities as small as 1/cm?. 

If this should be an indication of the average 
value it might be possible that during very 
strong magnetic storms the density should 
approach a figure as high as 10?/cm?®. It is 
therefore tempting to investigate briefly how 
much ultra-short wave radiation from the 
sun would be absorbed by the beam electrons 
through collisions with atoms and ions. 

If the gas emitted is likely to have the solar 
temperature the electronic collisional fre- 
quency should be of the order 4: N- ro-8/sec. 
where N is the atom density of the beam. For 
an ultra-short wave with a frequency of k - 100 
Mc/s the effective absorption coefficient per 
electron would be approximately 


N2- 10-26/2 k2 Vt — N 108/1.24 k?, 


as long as N< 1.24 : k? - 10°. As N should be 
approximately 46 000 : N, close to the sun 
this means that the above expression could 
be used over the entire path as long as N, < 
< 2.7: k? + 103. 

Neglecting N in the root expression we find 


after integration through the beam, from earth 
to sun, that the total absorption becomes 
> 2.3» N: 1077/k2. The ultra-short wave 
absorption thus is quite small. An electron 
density, at the distance of the earth, of as 
much as 300/cm® only would produce an 
absorption of about 0.08 at 6 meter wave- 
length. At a wave-length of 12 meters N, — 
— 100 electrons/cm? would produce an ab- 
sorption of about 0.04. The ultra-short wave 
effect, therefore, generally should be very 
small. Nevertheless we feel that a future 
statistical investigation of solar ultra-short 
wave noise bursts along the lines used here for 
the fade-out radiation should be of considerable 
interest. 

Returning to our statistical investigation we 
refer in conclusion to fig. 11 c. This demon- 
strates that there is a rather large standard de- 
viation in the batch of improbable cases. 
Several cases will perhaps be due to other 
effects, and any equal distribution across the 
solar disk must not be expected. 
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Origin and Structure of High-Level Cyclones South of the 


Maximum Westerlies 


By E. PALMEN, University of Helsingfors 
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(This paper is a result of research carried out at the University of 
Chicago as a contribution to a study of the general circulation of 
the atmosphere, sponsored by the U. S. Office of Naval Research.) 


Abstract 


This study deals with a special type of cyclones formed in the belt of the upper 
westerlies. The development begins as wave-like deformation of the upper flow and this 
deformation increases in amplitude until the cold air in the southern part of the trough 
becomes separated from the cold air in the north. The process of separation may be 
described as a cutting-off of a cold vortex. The process is described in some detail for a 
special case. High-level cyclones formed in this manner are not rare: on the contrary, 
such upper air disturbances are of great importance for the weather phenomena in certain 
regions, especially at latitudes between 30°—50° N. They can also be regarded as an 

important link in the large-scale quasi-horizontal meridional exchange of air masses. 


I. General Results 


The westerlies of middle latitudes appear 
regularly on upper air charts and in meri- 
dional cross sections as a rather narrow belt 
of strong wind embedded in relatively stag- 
nant air masses to the south and to the north. 
A characteristic example of this type of upper 
air motion, the case of November 30, 1946, has 
been discussed in some detail by E. PALMEN 
and K. M. NAGLER ($). 

In many cases a similarly strong concentra- 
tion of the westerlies into a relatively narrow 
“jet stream” has been observed over the North 
American continent, especially during the 
cold season. The same phenomenon can be 
observed over the Pacific and the Atlantic 
Oceans and also in Western Europe. An ex- 
ample of such a jet stream over the British 
Isles has been given by E. HOVMGLIER (4). 

In most cases the belt of the strongest upper 
westerlies does not follow a straight course, 
and considering the whole northern hemisphere 
we may say that it never happens. On circum- 
polar charts for the 500 mb surface the belt of the 
strongest westerlies has the appearance of a ‘‘mean- 


dering river”, situated just to the south of or in 
the zone with the strongest horizontal temperature 
gradient (8). This zone of crowded isotherms 
can be regarded as the intersection between the 
sloping polar front surface (layer) and the 
soo mb surface. Therefore, the polar air has 
its greatest southward displacement in the 
troughs of the upper disturbances, its greatest 
northward displacement in the ridges. 

The identification of the zone of strongest 
isotherm concentration at the soo mb level 
with a polar front is contradictory to a rather 
common opinion among meteorologists who 
regard the polar front as a phenomenon of 
the lowest troposphere. A careful analysis of 
a great number of special synoptic situations 
in North America and also in Europe indica- 
tes in many cases the existence of such a fron- 
tal layer up to the level of 400 mb or some- 
times more. The concentration of the meridio- 
nal solenoid field is not always so pronounced 
that the transitional layer between the tropical 
and the polar atmosphere appears as a frontal 
discontinuity according to the common de- 


ORIGIN AND STRUCTURE OF HIGH-LEVEL CYCLONES 23 
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Schematic circumpolar chart for the soo mb 
level showing four long waves. The heavy line indi- 
cates the ‘polar front” and the thin lines contours 
(topography) of the soo mb surface; corresponding 
fronts and frontal perturbations at the earth’s surface 
are marked by usual symbols. 


finition of the word. The conception of a 
front thus needs some modification, if we 
want to use it in analyses of soo mb charts.! 

If the belt of strong isotherm concentra- 
tion on upper charts can be regarded as the 
boundary between the polar and the tropical 
atmosphere, the upper waves, therefore, must 
be connected with polar front disturbances 
in the middle troposphere. These upper waves, 
however, often are of a larger scale than the 
typical polar front perturbations of the sur- 
face layers. Both types of disturbances influence 
each other and cannot, therefore, be regarded 
as independent phenomena. Sometimes the 
long waves in the upper polar front which 
are very closely connected with the waves 
in the westerlies, studied by C. G. Rossgy (7), 
correspond to the cyclone families as first de- 
scribed by J. BJERKNES and H. SOLBERG (2). In 
such cases the individual polar front cyclones 
of lower levels appear as minor wave-like 
disturbances at the soo mb level superimposed 
upon these large waves. In fig. 1 a schematic 
circumpolar chart shows four long waves at 
the soo mb level, the corresponding upper 
polar front at the same level, the minor dis- 


1 The author is preparing a paper about this special 
subject. 


turbances and the polar fronts at the earth’s 
surface including their cyclonic disturbances. 
However, it might be pointed out that in 
some cases the upper long waves can be 
directly connected with individual strong sur- 
face cyclones. In such cases the upper long 
waves mostly appear as rather fast moving 
systems. 

The upper waves often show a pronounced 
instability, indicated by a rapid increase in 
their amplitude. At the soo mb level, the band 
of strongest isotherm concentration, which du- 
ring the colder season normally is located in 
the vicinity of latitude 50° N, may then be 
pushed southward to latitude 40— 30° N. In 
the lower atmospheric layers the process is 
connected with a pronounced anticyclonic 
outflow of polar air masses from the polar 
source region. Thus there must be a pro- 
nounced subsidence, combined with horizontal 
divergence, in the lower layers and a strong 
convergence, combined with increasing Cy- 
clonic vorticity, in the upper layers. 

At the beginning of the development the 
depth of the cold air in such an upper through 
increases northward along the trough line. If 
strong subsidence occurs the depth of the 
cold air mass gradually decreases. If the sinking 
cold air is not replaced by advection the polar 
front at the level of soo mb may then some- 
times show a displacement to the north. Thus 
the movement of the polar front at the soo 
mb chart, may be in a direction quite different 
from that of the gradient wind. It is important 
to observe this difference between the frontal 
movements on the surface charts, where the 
vertical wind component vanishes, and on 
the upper charts. 


500 mb 
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Fig. 2. Schematic meridional cross section through an 
upper trough showing the profile of the polar air 
before and after the formation of a ‘‘cut-off”” low. 


1 It might be pointed out that the number of upper 
long waves can vary between about 3 and 7 depend- 
ing upon the speed of the westerlies. 


24 BE. PALMEN 


400 mb. 


400 


500 


600 


700 


850 


Fig. 3. Topography (mb) of the polar front in the 
case of a schematic high-level cyclone; the characteristic 
precipitation area on the earth’s surface is also marked. 


In many cases, however, the strongest sub- 
sidence does not occur in the southernmost 
parts of the cold upper trough, but in its cen- 
tral parts. As a result the cold air gradually 
disappears from the 500 mb level in the central 
parts of the trough, but still remains at the 
same level farther to the south and to the north. 
At an upper chart the phenomenon thus ap- 
pears as a “‘cutting-off” of the cold air from its 
polar source region. The phenomenon is de- 
scribed in fig. 2 which shows the idealized 
profile of the polar front surface in a meri- 
dional cross section before and after the cutting- 
off process. In fig. 3 the cut-off cold air is 
represented with the aid of a schematic fron- 
tal contour map. A similar scheme has earlier 
been presented by A. M. Crocker, W. L. 
Gopson and C. M. PENNER (3). 

The fact that the shrinking often is much 
slower in the southern than in the central 
parts of a trough must depend upon the very 
strong combined effect of the Coriolis and 
centrifugal accelerations at the southern bound- 
ary of the cold air tongue. This effect tends 
to produce a cross-stream vertical circulation 
opposite to the direct solenoidal circulation. 
In some cases a strengthening of the solenoid 
field, due to the combined effect of the Corio- 
lis and centrifugal accelerations, has been 
observed, resulting in a temperature fall of 
many degrees at the 500 mb level. 

On upper air charts the cut-off polar air 
appears as a cold cyclonic vortex formed from 


the southern part of the original upper trough. 
Farther to the north, in the region of the 
newly formed frontal zone, a belt of very 
strong west wind can be observed. Thus the 
whole process may be regarded as a special 
case of a cyclone formation on the south side 
of the strongest westerlies. 

Upper cold vortices of this type reach their 
strongest intensity at the tropopause level. Be- 
cause of the temperature distribution the vortex 
decreases in intensity downwards in the tro- 
posphere, and in many cases it completely 
disappears in the lowest atmosphere or changes 
into an anticyclonic vortex. Thus, the frictio- 
nal loss of momentum is mostly small because 
of the weak wind at the surface. Sometimes 
there can be a tendency for spreading of the 
cyclonic vortex downwards, probably be- 
cause of a continuous transport of momentum 
from the upper troposphere. In such cases 
the original anticyclonic flow in the surface 
layers gradually changes to a cyclonic one. 
Many cases of such a development could be 
observed over the North American continent 
during the years 1946—1948. I the strato- 
sphere the high-level cyclones appear as vor- 
tices with warm core. Thus, their intensity 
decreases with height above the tropopause. 

The cut-off cold low can be regarded as a 
cell in a large-scale meridional exchange of 
air masses. A corresponding transport of warm 
tropical air masses to the north can often be 
observed in the upper troposphere and the 
lower stratosphere. These cells of tropical air 
appear on the soo mb charts as tongues or 
cut-off islands of warm air with the charac- 
teristic high tropopause and low stratosphere 
temperature. The phenomenon has been stu- 
died at the University of Chicago, and some 
results will be published later. Because of the 
difference in absolute vorticity [see RossBy (7)] 
between the air masses in their original source 
regions it is obvious that the northward mov- 
ing tropical air in higher latitudes must be 
characterized by low absolute vorticity. The 
tongues or cut-off islands of tropical air thus 
always show a pronounced anticyclonic rela- 
tive vorticity and appear therefore as high- 
level anticyclones formed to the north of the 
original maximum westerlies. 

It is obvious that the formation of cold 
cyclones to the south and of warm anticyc- 
lones to the north of the maximum westerlies 
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Fig. 4. November 1—4, 1946, 03h G. M. T., soo mb, with contour lines for every 200 ft and isotherms 


for every 2° C 


represents a very effective large-scale meridio- 
nal exchange of air masses, which is necessary 
for the explanation of the average meridional 
temperature field. However, this exchange is 
not possible through a purely horizontal air 
transport. The vertical component of the air 
transport, although small compared with the 
horizontal, is very important from the view- 
point of the maintenance of energy. Connected 
with the vertical component of air motion 
during the development of large cells of dif- 
ferent air masses are certain types of vertical 
circulation and horizontal divergence fields. 
Thus, no complete conservation of absolute 
vorticity can be expected. 


(dashed lines). 


II. The High-Level Cyclone of November 
I—7, 1946 


In the following a brief description of the 
formation and structure of a typical high-level 
cyclone over the southwestern parts of the 
United States will be given. Fig. 4 shows the 
soo mb charts with contour lines for every 
200 ft. and isotherms for every 2°C for the 
period November 1—4, 1946. On the first 
day a very pronounced cold trough lay 
along the American west coast. The strong 
concentration of isotherms indicates the ex- 
istence of a real frontal zone separating the 
polar air in the central parts of the trough 
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Fig. 5. Vertical cross sections approximately along the parallel 48° N for November 2, 15h and November 
3, 03h G. M. T. showing frontal layer, tropopause and isotherms for every 5° C. 
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Fig. 6. Vertical north—south cross section through 
the centre of the high-level cyclone, Nov. 4, o3h 
G. M. T. Heavy line indicates the tropopause, thin 
lines denote isentropes and dashed lines isotherms. 


from the surrounding warmer air masses of 
tropical origin. Instead of moving eastward 
the amplitude of the trough gradually in- 
creased, and the cold air was displaced farther 
to the south or southeast, as can be seen from 
the charts. On November 3 a closed cold 
centre was formed over New Mexico, and 
on November 4, the upper cold cyclone took 
definitive shape. The centre over Albuquerque 
in New Mexico shows a very low tempera- 
ture (— 29° C) for this latitude, but the tem- 
perature has risen about 6° C in the centre, 
indicating a subsidence in the southern parts 
of the cold air at the level around soo mb. 
Farther to the north, however, the tempera- 
ture rise was extremely strong, at the latitude 
45°N from — 36°C on November 2, to 
about — 16° C two days later. 

It is not easy to estimate quantitatively the 
vertical velocity component of the moving 
cold air masses in different parts of the upper 
trough. However, an idea of the order of 
magnitude of the subsidence can be obtained 
from the study of vertical cross sections 
through the cold air. As an example of such 
analyses, two west-east cross sections along 
latitude 48°N are reproduced (fig. s). The 
sections are drawn with a time interval of 12 
hours, the first for Nov. 2, 1500 GMT; the 


second for Nov. 3, 0300 GMT. The frontal 
layer, indicated by two heavy lines, appears 
in both sections as a distinct feature in the 
temperature. During these 12 hours the upper 
boundary of the frontal layer sank from a 
maximum height of 440 mb to 600 mb which 
corresponds to a vertical displacement of about 
2.4 km. That gives a mean vertical velocity 
of about — 5.7 cm/sec. During the same time 
a pronounced increase of the tropopause height 
(about 2 km) and decrease of the tropopause 
temperature in the upper trough can be ob- 
served. 

This type of vertical displacement must be 
connected with strong upper convergence and 
lower divergence. In a coordinate system 
moving eastward with the speed of the trough 
line, the mean divergence between 5 and 1 
km (the approximate surface of the earth) is 
about 1.4- 1075 sec-! and between 5 and ro 
km —2.1:1075 sect. If & is the absolute 
vorticity of an air parcel the individual change 


of vorticity © is determined by the formula 


An air parcel moving in the divergence field 
between $ and 10 km thus shows an increase 
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Fig. 7. Vertical west—east cross section through the 

centre of the high-level cyclone, Nov. 4, 03h G. M. T, 

Heavy line indicates the tropopause, thin lines denote 
isentropes and dashed lines isotherms. 
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in vorticity of the order of magnitude 
2-10” sec—?, a very great value, since the 
absolute vorticity is of the order of magni- 
tude of the Coriolis parameter (1074 ea). 
One can therefore expect, that the upper warm 
air, which on the chart for Nov. 2 moves 
anticyclonically along the Canadian west 
coast, must change its movement in over the 
continent. That is just what can be seen from 
the following maps. 

However, it must be emphasized that this 
phenomenon cannot be studied as a local 
process. The upper air masses move very fast, 
and the warm air in the cross section for Nov. 
3 was during the previous day over the 
ocean. It is difficult to compute the vorti- 
city here because of lack of observations, and 
therefore it is not possible to determine the 
individual change of vorticity with satisfac- 
tory exactness. C. G. Rosssy (6) has strongly 
emphasized the interaction between different 
atmospheric systems. 

The high-level cyclone appears on the 4th 
of November as an almost symmetric upper 
vortex. Fig. 6 and 7 show the distribution of 
temperature and potential temperature in two 
vertical cross sections drawn in north—south 
and west—east directions through the cyclonic 
centre over Albuquerque. In both cross sec- 
tions the tropopause is marked by a heavy 
line. No detailed analysis of the tropopause has 
been made, and the tropopause was therefore 
regarded as a continuous surface of disconti- 
nuity in the temperature gradient separating an 
upper stratospheric vortex with warm core 
from a lower tropospheric vortex with cold 
core. The original frontal surface which during 
the process became more and more indistinct, 
has not been marked in the sections. 

In the west—east cross section the vortex 
appears to be almost completely symmetric, 
but in the north—south cross section a certain 
asymmetry can be noticed. However, the latter 
section could not be studied very carefully 
for lack of observations in the south, especially 
over Mexico. The distribution of gradient 
wind, corrected for the approximative cur- 
vature of the air trajectories, is given for the 
west— east cross section in fig. 8. The figure 
demonstrates the nearly symmetric distri- 
bution of wind velocity (N—S component) 
in the vortex. 

In order to give a complete three-dimensio- 


Fig. 8. Distribution of gradient wind corrected for the 

curvature of the air trajectories in the W—E cross- 

section through the high-level cyclone of Nov. 4, 03h 
G. M. T. Wind velocity is given in m/sec. 


nal picture of the vortex the charts for the 
earth’s surface, 700 mb, 300 mb and 200 mb 
are reproduced in fig. 9. On the surface map 
no cyclone can be observed in the region 
where the upper air charts show the deep 
cyclonic vortex. At the 700 mb level the 
cyclone is still weak and much better marked 
in the temperature field than in the pressure 
field. At the levels of 300 and 200 mb the 
intersection between the tropopause and the 
corresponding isobaric surfaces is marked by a 
heavy curve; the temperature field in the vici- 
nity of these heavy lines indicates the existence 
of a zone of lowest temperature around the 
tropopause. The same characteristic tempera- 
ture distribution can be found in most cases 
where the tropopause cuts an upper air chart. 
The almost complete disappearance of the 
cyclone at the earth’s surface is characteristic 
of disturbances of this type, which are not 
formed as the result of any occlusion process. 
As pointed out above, the weak surface wind 
reduces the dissipation of kinetic energy to a 
minimum, and because of the symmetry of 
the formation there can be no strong tendency 
for the vortex to move. Actually the centre 
of the high-level cyclone, discussed here, re- 
mained practically over the same place du- 
ring a period of three days. Cross sections 
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Fig. 9. Charts: for the earth’s surface and for 700, 300 and 200 mb on Nov. 4, 03h G. M. T. The heavy 
lines at the charts for 300 and 200 mb indicate the intersection between the tropopause surface and the cor- 
responding isobaric surfaces. 
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Fig. 10. Vertical N—S cross section through the centre Fig. 11. Vertical W—E cross section trough the centre 
of the high-level cyclone, Nov. 6, 03h G. M. T. of the high-level cyclone, Nov. 6, 03h G. M. T. 
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Fig. 12. November 12, 1946, 03h G. M. T., 500 
mb with contour lines for every 200 ft, isotherms 
for every 2° C and winds. 


corresponding to those in fig. 6 and 7 indicate 
that the centre of the vortex on November 6 
was still over Albuquerque (fig. r10—ı1). In 
the west--east cross section the disturbance 
appears as an almost symmetric vortex, but 
in the north—south cross section the asym- 
metry is now quite pronounced. At the same 


time the disturbance begins to move rather 


rapidly in the ENE direction, and the whole 
synoptic situation changes quickly. 

The symmetric picture of wind and tem- 
perature distribution which can be found 
from the charts and cross sections for Nov. 4, 
does not carry with it a similar symmetry in 
the weather phenomena. On the contrary, the 
high-level cyclorie was accompanied by heavy 
precipitation on its east side and clear skies 
on its west side, indicating the existence of a 
strong upper divergence field compensated 
by convergence in the lower levels on the east 
side, and vice versa on the west side. The com- 
bined effect of the horizontal divergence and 
the vertical motion must have been such that 
the local pressure changes practically vanished. 
Thus, in an arbitrary point of the vortex the 
vertical mass transport from below must be 
equal to the total mass divergence above the 
point, or 


de (ov) dz = (ow):...... El 


In this expression @ denotes the density, v 
the horisontal wind vector, and (ow). the 
vertical mass transport through the level z. 
Because of the asymmetry of the tempera- 
ture field in N—S direction (fig. 4) the diver- 
gence term in [2] increases with height in the 
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Vertical cross section approximately along the West Coast of America from Northern Alaska to 


Southern California. Heavy lines indicate fronts or tropopause, dashed lines isother ms. 
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eastern part and decreases in the western up 
to the level of the tropopause.! Thus, there 
must be a level of maximum vertical ascending 
or descending air movement approximately 
at the level of non-divergence. The thermal 
structure of the vortex is therefore in good 
agreement with the actually observed distri- 
bution of cloudiness and precipitation.? Be- 
cause of lack of observations, especially in 
the southern part of the disturbance, it is not 
possible to get a quantitative computation of 
the divergence field and the corresponding 
vertical displacement of the air in different 
parts of the vortex. 


Il. The Cyclone of November 10—14, 1946 


A similar development of a high-level cy- 
clone occurred some days later over the coastal 


* See the discussion of this problem given by J. 
BJERKNES and J. Hormsor (1). 

* Compare with the area of precipitation in the 
schematic figure 3, where the curves showing the 
topography of the frontal surface qualitatively can be 
regarded as isobars of an upper air chart. 


regions of California. Without giving any de- 
tailed description of this case we reproduce 
only two figures showing the atmospheric 
conditions on November 1203 1G MT sat 
the level of 500 mb and in a vertical cross 
section almost along the American west coast 
from San Diego in Southern California to 
Aklavik in Northern Canada. The centre of 
the cyclone was on that day situated just south 
of Oakland (Calif.). The cross section gives a 
similar picture of the thermal structure of the 
disturbance as the cross sections in fig. 4 and 5.1 
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The Problem of Artificial Control of Rainfall on the Globe’. 
I. General Effects of Ice-Nuclei in Clouds. 


By TOR BERGERON, University of Uppsala 


(Manuscript received 22 Dec. 1948.) 


Abstract: 


Different kinds and degrees of colloidal and thermodynamical instability of diverse systems of 
cloud-particles, partly leading to release of precipitation, are discussed, aiming at estimating 
the possible effect of ‘seeding’ clouds artificially with ice-nuclei. — A low ratio » of 
supercooled cloud-droplets versus ice-crystals (v < 1) would ensure very rapid glaciation 
of the cloud, but no precipitation release and no substantial improvement of visibility 
within it: overseeding. High values of » (>108) would lead to the formation of big, though 
very sparse precipitation elements, but not noticeably improve visibility within the cloud: 
underseeding. Favourable values of » seem to lie around 10%. — Cases of successful artificial 
seeding may be explained by natural seeding indirectly caused by the artificial one: double 
release. — Lastly, an inventory of the actual tropospherical clouds and cloud systems indi- 
cates that the main possibility for causing considerable artificial rainfall might be found 
within certain kinds of orographic cloud systems, to be treated in a following article. 


Since ALFRED WEGENER’S first suggestion in 
19112, concerning the rapid growth of ice- 
crystals in supercooled water-clouds, those 
investigators who have advanced and studied 
the hypothesis of the release of ordinary 
precipitation from clouds by ice-nuclei? 
certainly all have felt that artificial rain 
from supercooled clouds would in principle 
be possible, provided efficient natural ice- 
nuclei were not omni-present, and that one 
could easily produce artificial ones in a suffi- 
cient number, i.e. to the order of magnitude 
of billions or trillions (1012 to 101$). In fact, 
for every artificial rain-drop desired one would 
in principle need one ice-nucleus; and an 
ordinary Cumulonimbus certainly produces 
the just-mentioned enormous number of rain- 
drops during its life-time. — It was not, how- 
ever, until I. LANGMUIR and V. SCHAEFER! at 


1 Based on a lecture delivered Aug. 25, 1948 at the 
Meeting of the U.G.G.I. at Oslo, and on a manuscript 
Report, dated April 24, 1947 (see References). 

? ALFRED WEGENER, Thermodynamik der Atmo- 
sphäre, Verlag J. A. Barth, Leipzig ı911. 

3 T. BERGERON (1928, 1935), W. FINDEISEN (1938) and 
others. 

4 Cfr list of References. 
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Schenectady, a few years ago, began “seeding” 
clouds with solid carbon-dioxide (and thereby 
cooled moist air below the critical tempera- 
ture —35°C, where ice-nuclei seem to form 
spontaneously) that Meteorology got a prac- 
ticable method of artificially introducing any 
desired amount of ice-nuclei into the free 
atmosphere. SCHAEFER 1948 estimates the 
number of ice-nuclei produced, under favorable 
circumstances, by a single dry-ice pellet of 
pea-size, during its fall through moist air, to 
about 10", before it is evaporated: 

On the one hand the ice-nucleus theory of 
the release of ordinary precipitation has been 
generally accepted for higher latitudes by 
meteorologists. On the other hand some of 
the seeding experiments of LANGMUIR and 
collaborators, and others‘, seem most decidedly 
to have caused those characteristic changes of 
supercooled clouds which accompany the 
release of precipitation from such clouds. It 
is, therefore, justifiable to say that to-day both 
theory and experiment show artificial release 
of precipitation to be possible. The experi- 


le. g. E. Brun and L. DÉMON 1947; E. B. Kraus 
and P. SQUIRES 1947. 
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ments have then also been repeated in many 
places, and much publicity, and perhaps too 
much optimism, has been bestowed on this 
activity. At the UGGI-conference in August 
1948, however, Dr Fr. REICHELDERFER stated 
that, out of a great number of cases of cloud- 
seeding in the U.S. which had been followed 
by precipitation from the cloud in question, 
none had occurred without precipitation from 
similar clouds within 30 miles. This statement 
was also, at that occasion, in principle supported 
by Dr H. Byers. 

The general discussion of this question seems, 
however, to a certain extent, to have gone 
astray, as the opinions on it range between 
“no artificial release proved” and “world-wide 
rain control possible”. The question we now 
have to investigate is, in reality, no longer 
whether precipitation can be released artifici- 
ally, but rather whether such a release can 
produce an appreciable amount of rainfall, and 
when and where this could be done. To arrive 
at any conclusions regarding this problem we 
ought then to take an inventory of the different 
kinds of rain-producing clouds on the globe 
as to their properties in this respect and their 
relative frequencies. — Before proceeding to 
this work, though, we need to make certain 
statements and to define some fundamental 
concepts within this field. 

1. Thin stratiform clouds, i.e. clouds 
of small vertical extent (e. g. < 100 m), 
occurring within a more or less stably stratified 
and quasi-laminar current, formed quite 
recently and at temperatures not much 
lower than —5°C (Stcu, Acu), will in 
general mainly consist of minute water- 
droplets (Tu <r< 10m) of rather uniform 
size. In these cases, also, the electrostatic field in 
the cloud will be weak, the electric charge 
of the droplets, if any, will be unipolar (and 
their temperature will be uniform, cfr below). 
Thus, there will be little probability for coale- 
scence (collision and fusion) of droplets from 
kinematic or electrodynamic reasons within 
such stratiform clouds as defined above, and 


1 Cfr R. Coons and collaborators 1948 a, b. — 
With stratiform clouds the effects of seeding were none 
or insignificant. Trace of precipitation reached the 
ground in 4 cases of 38, and then only from Stratus 
with a base 600—1 200 m above the ground. — With 
cumuliform clouds the most obvious effect of seeding 
was even the dissipation of (part of) the clouds, 
without precipitation. 


3—835339 


the cloud-mass will be rather colloidally stable. 
— Any growth of some slightly colder or 
bigger (surface tension effect) droplets by 
condensation, at the cost of or in comparison 
with the other droplets, will be counteracted 
by the latent heat of condensation, and also by 
convective and radiative heat exchange. These 
factors should generally check any such growth 
of selected droplets, provided the difference 
in temperature or radius has not already 
become considerable thanks to other influences, 
and if the cloud elements are not too small 
(r >10-6 cm). The cloud-mass will then 
also be thermodynamically stable. — As a term 
comprising both these states (and equivalent 
to the earlier, and often misused, term “colloi- 
dal stability”) we shall use the expression 
physical stability of a cloud-mass. Any new- 
formed and rather thin stratiform clouds would 
then be termed “physically stable” as long as 
they remain pure water-clouds. — According 
to FINDEISEN 1932, HAGEMANN 1936, HOUGHTON 
and RADFORD 1938, and others, however, even 
newly formed fog contains droplets of widely 
different sizes (e. 9.24 = r < 30 u). In fact, 
fog and Stratus rarelv show typical coronae 
etc. (whereas these are frequent and often 
brilliant in thin Altocumuli, cfr 8 b). From 
these statements we infer that neither fog, 
nor clouds forming near the surface of the 
carth, in general possess real physical stability, 
but that their state will approach the one 
treated in 2. 

2. Within old stratiform clouds of 
considerable thickness, but still not 
reaching the natural ice-nucleus level (cfr 6 b), 
differences of droplet-size may have had time 
to get established, by coalescence, by different 
“time-of-rise” due to turbulence etc. (I. Lanc- 
MUIR 1944, 1948), or by other agents, though 
weak, and by ensuing differences offall velocity. 
The further growth of the biggest droplets, 
especially by coalescence, but possibly also 
by direct condensation, may then no longer 
remain negligible: the cloud-mass becomes 
(slightly) colloidally unstable. 

According to FINDEISEN 1939 a, in pure 
water-clouds, collisions caused by different 
fall-velocities v (due to different size of 
droplets) will be the only important agent 
for growth of very small droplets. From his 
formula [12], 1. c., p. 367, one can calculate 
the vertical distance z required for an isolated 
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droplet of size r’ to grow by collisions to 
a size r” when falling through a cloud of 
n, droplets/cm?, having a uniform size r,. — 
Assuming r'=20 u,r"= so u,r,—1ou,andn, = 
400, we get z=80 m. Even in this extreme 
case, corresponding to the improbably high 
water content of 1.7 g/m? in a Stratus (and 
since only few drops would start their fall at 
the very top of it), a cloud layer of about 100 
m depth would, by this process, mainly deliver 
droplets of a size r” < sou. — Moreover, 
FINDEISEN mentions experiments showing that 
for droplets with r> tow the speed of coagula- 
tion in reality is less than the one calculated 
from his formula [12]; and the bigger the 
droplets, the smaller this speed. These results 
are corroborated by the experience that 
droplets with r > 100 u rarely fall out of 
any pure water-clouds, at least in temperate 
and polar regions, in day-time. — As an 
explanation of the above facts it is tempting 
to assume that, the hydrodynamic repulsion, 
studied by V. BJERKNES, between bodies moving 
with different velocities through a medium 
(cfr V. BJERKNES and collaborators 1933, p. 
247, and T. BERGERON, 1935, p. 161), gains a 
supreme influence for values of r and v (or 
Av) exceeding certain limits, presumably the 
limits of validity of Stores’ law (roughly r= 
100 u and v=o.8 m/s). 

3. Within cumuliform clouds both con- 
densation and turbulence will occasionally be 
intense, and the vertical extent of the cloud- 
mass will be much greater than in the cases 
1—2. If, now, the fall of the biggest initial 
droplets is nearly balanced, for a long time, 
by a suitably distributed updraft, this state 
will correspond to a much prolonged “path 
of fall” (Fallstrecke) within the cloud; the 
growth by collision (and also to some extent 
by direct condensation), shown in FINDEISENS 
diagram (1939 a, p. 368), may then attain 
extraordinary values. Even before the cloud- 
mass reaches the natural ice-nucleus level, 
therefore, the factors mentioned in case 2 may 
now cause a marked colloidal instability of the 
cloud-mass. This instability, together with 
the thermodynamic instability discussed in 4, 
reaching appreciable values in case of intense 
convection, may explain the fact that such 
clouds, in tropical regions, sometimes give 
showers although their tops still, seemingly 
or manifestly, are pure water-clouds and even 


may not reach the o°-isotherm; cfr KotscH 
1947, HAGGARD 1948. See also footnote, p. 40. 

In higher latitudes both the vertical extent 
of convective clouds, and their intensity of 
condensation and of turbulence, is on an 
average smaller. Moreover, in these regions, 
the cloud tops will reach the — 10°-isotherm 
by the time the above-mentioned factors could 
achieve appreciable precipitation release, and 
the efficient release by ice-nuclei (cfr 6 b) will 
then dominate the process. In many cases, it 
is true, weak trails of precipitation can be 
detected underneath real summer-Cumuli even 
at our latitudes at midday or in the afternoon. 
The release will then only be of the slow or 
inefficient type (cfr 5), though. The droplet- 
radius will keep < 10°? cm, and the trails will 
almost invariably evaporate before reaching 
the ground over low-land, owing to the rather 
high condensation level, the considerable 
humidity deficit — and in some cases also 
thanks to the updraft — below the cloud; cfr 
the table showing the time of evaporation, 
for droplets of different sizes, given by 
FINDEISEN (1939 b, p. 457). -Not until near 
sunset, or at night, when the Cumuli trans- 
form into Stratocumuli vesperalis, the lower 
strata cool down, and the updraft ceases, may 
these trails reach the low-land in appreciable 
amount (cfr also 4 below). 

It should also be borne in mind that there 
are as yet no systematic observations as to the 
rain intensity of those tropical convective 
clouds which keep below the natural ice- 
nucleus level as compared with those that 
reach it and have their tops transformed into 
ice-cloud. It is very probable that the latter 
cloud-type, the real Cumulonimbus, just as in 
our climates, on an average renders much 
more precipitation. The report of L'E LE 
POLD and M. N. HALSTEAD 1948 is of interest 
in this connection. Their Test Cloud No. 1 
at last surpassed the o°C-level, and from then 
on it rendered about 80 % of its total 
precipitation (about 25 mm in the maximum 
zone; |. c., p. 528). Cfr also the hypothesis of 
a “double release” treated in 11 below. —- 
Anyhow, the burden of proof regarding this 
problem remains with the adherents of op- 
posing theories. 

4. At night, and in the shadowed parts of 
cumuliform clouds even in day-time, the 
outermost droplets of the cloud-mass are 
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cooled by outgoing radiation more than those 
in its interior; condensation will then increase 
on these droplets, especially if the cooler 
droplets mingle with the warmer ones thanks 
to turbulence: the cloud-mass will then 
become slightly thermodynamically unstable. Al- 
ready in 1877 ©. REYNOLDS ascribed the 
ordinary release of precipitation to this very 
effect. — Sv. PETTERSSEN (1940) has pointed 
out (l. c., p. 45—46) that very small tempera- 
ture differences AT, ranging from 0.01°C 
for = 25°C to 0.12° for T= — 20° 
suffice to render a difference in saturation 
pressure equal to the maximum value of 
eu EB; (ele 6b and 7). Droplets of different 
temperature can also be brought very close 
together without any radiation cooling, by 
turbulence alone, and it is reasonable to 
assume that this effect will operate inten- 
sely within Cumuli, even in day-time. — 
This thermodynamic instability, however, 
is in reality counteracted in two ways: 
firstly by the heat of condensation (cfr 2), 
and secondly by the obvious fact that the 
temperature differences AT will only be 
efficient between droplets at very short mutual 
distances Aa. The smaller Aa, however, the 
greater will the equalization of AT be, thanks 
to radiation and conduction of heat between 
the droplets; ie. AT will rapidly decrease 
with Aa, and, under ordinary conditions, the 
cloud-mass may then gradually regain thermo- 
dynamic stability. 

5. In extratropical regions, all the 
processes 2—4 described above, implying 
coalescence or individual growth of droplets, 
will generally only lead to a slight or easily 
suppressed physical instability within a cloud- 
mass. Therefore, they are only slowly and 
weakly contributing to the precipitation release 
within the cloud. The drop-size and intensity 
ofthe precipitation released will be so small that 
it cannot reach the ground unless with the 
very low cloud-base of Stratus or fog, and 
it has then mostly the character of drizzle 
(r < 250 u). These kinds of precipitation re- 
leases, therefore, shall be termed slow or in- 
efficient; cfr also 12. | 

6. The only systems of cloud elements, i.e. 
cloud-masses, which possess intrinsic and 
irrepressible thermodynamic instability are those 
where water coexists in all three phases. 

(a) With temperatures above o°C this 


case will occur within or underneath a cloud 
from which snow is falling but is as yet not 
entirely melted, ic. down to the + 2° or 
-+3°-isotherm of the air itself. Within this 
layer the air will be markedly supersaturated 
with respect to the melting snow of 0°C tem- 
perature; therefore, condensation will be in- 
tense on the snowflakes, particularly above 
the general condensation level (the cloud base), 
and their latent heat of fusion will compensate 
the heat of condensation as long as they are 
not entirely melted. Thus, the water content 
of the precipitation may be considerably in- 
creased within the layer mentioned, cfr 4. It 
must be borne in mind, though: 

(1) that this effect involves that real pre- 
cipitation from the cloud already has been 
started by some other agents, and 

(2) that the effect disappears soon after the 
melting of the last snowflakes, thanks to 
several cooperating factors, partly mentioned 
above. 

This process is then only operating within 
a layer of, say, = soo m vertical thickness and 
under quite special conditions. 

(b) With temperatures below 0°C unstable 
systems are formed by clouds containing both 
supercooled cloud droplets and ice-crystals of 
any sizes, because E, > E; for T < 0°C; cfr 
BERGERON 1928, p. 29, and 1935, p. 164. 

How the ice-nuclei or ice-crystals form, or 
are introduced, within supercooled water- 
clouds, has still not been satisfactorily proved. 
Experience shows, however, that‘ in the 
atmosphere they generally appear, at a tem- 
perature of ca — 10°C, in such a number, 
and/or with such an efficiency, that the 
thermodynamical instability in question leads 
to a very rapid glaciation of the cloud and 
an efficient release of precipitation from it. 
These observations, - mostly made with 
Cumulus-clouds, do not precludethe possibility 
that some ice-nuclei exist also at higher 
temperatures (perhaps even above 0°C). 
Their number and/or efficiency, though, may 
then be so small that their effect remains 
insignificant and undetectable in natural clouds 
(cfr below p. 36, and SHEPPARD 1947, p. 492), 
until, at lower temperatures, the effect starts 
increasing at such a pace that it becomes 
manifest from a rather well-defined threshold- 
value T; of the temperature, and downward. 

It is also plausible that the ice-nucleus effect 
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is a function of time. Within the towering 
Cumuli, then, the tops generally would have 
had time to reach, say, the — 10°C-level before 
the effect becomes manifest, although it started 
an appreciable but clandestine work within 
the cloud already, for instance, at the — 5° C- 
level. Within cloud sheets forming by the 
slow processes of condensation, on the other 
hand, the time factor will probably allow 
release of precipitation even from clouds that 
only reach that lower level (about — s°C). — 
The possible order of magnitude of this time- 
factor will be discussed at a later occasion. It 
may be mentioned here, though, that the time 
of partial resp. complete glaciation of a super- 
cooled water-cloud increases with the ratio 
y (see 7) and with the original droplet-size. 
The latter fact was already stated by FINDEISEN 
in 1939 (1. c., p. 460). 

Whichever is the nature of the ice-nuclei, 
and the cause of their appearance and of their 
nuclear effect, enough theoretical and empirical 
evidence has now accumulated to show that 
they form an agent of precipitation release which 
cannot be suppressed by any of the checking 
factors mentioned in 1—4, because they 
provoke intrinsic thermodynamic instability 
within certain cloud-masses, and as they are 
not melted or destroyed by the sublimation 
which takes place on them. — Whichever is 
the varying level at which their effect of releas- 
ing precipitation becomes manifest we shall 
call it the natural ice-nucleus level. The position 
of this level, within different clouds, will 
probably be defined by the above-mentioned 
threshold-value T; and by the time factor r;. 

7. The process of natural ice-nucleus precip- 
itation release hinted in 6 b must have an opti- 
mum effect at certain values of temperature, 
size and number of droplets, ratio » between 
specific number of droplets n,, and of efficient 
ice-nuclei n;, and, last but not least, the 
efficiency of the latter. All other conditions 
being the same, temperatures around — 12°C, 
where E, — E; is a maximum, must be the 
most favorable for the diffusion transport of 
water vapor from droplets to crystals, and 
the speed of this transport should be roughly 
proportional to E,, — E;. Increasing efficiency 
of the ice-nuclei can in itself only favour the 
release. Decreasing size of droplets will in- 
crease the vapor pressure at their surface and 
also favour the process. 


(a) When the ratio » is exceedingly great 
(c.g. 10%, with 10° droplets and ı crystal in 
1 m?) each crystal may grow at a maximum 
speed, and it may attain a considerable size. 
The total number of precipitating elements 
(rain-drops when melted) will be very small, 
though. Thus, the change effected within the 
cloud itself, as to water content, visibility etc., 
will be slow and generally unconspicuous. 
A cloud sheet of 1000 m vertical thickness 
would then in total only render 1000 elements 
per m?, or 10 per dm?, of its base surface, 
until the stock of nuclei was reproduced or 
renewed from outside; the bulk of these 
few precipitation elements — spread over 
minutes, if not over hours, cfr (c) below — 
would certainly evaporate at a rather short 
distance below the cloud base (cfr the remark 
on evaporation in 12). See also footnote, p. 40. 

(b) On the other hand, if the ratio » were 
ı (eg. my = 1000 elements/cm$ = nj), and 
all these ice-nuclei were of equal efficiency, 
then in a very short time the crystals would 
have “consumed” all the droplets by the 
diffusion transport of water vapour. If we 
then neglect the water contents of the original 
ice-nuclei, this would only mean, however, 
that the 1000 droplets/cm? would have trans- 
formed into just as many ice-crystals of the 
same weight as the droplets. (We then also 
neglect the effect of the release of heat of 
fusion on the state in the cloud.) Assuming 
the original droplets to have r = 6, which 
corresponds to a water content of the cloud of 
about 1 g/m, and a fall velocity v = 0.45 cm/s, 
or 16 m/h, at normal pressure (provided 
v = 1.26-108-r?), the end result would be an 
ice-cloud of the same geometric properties 
and values of v, and no release of precipitation 
at all. If this great number of ice-nuclei were 
artificially seeded into the cloud, we should 
then denote it as entirely overseeded from the 
view-point of artificial precipitation release. 

(c) Thus, the optimum ratio », must lie 
somewhere between 1 and oo, and further 
investigations, based on mathematical and 
experimental methods and on measurements 
in natural clouds, may throw some light on 
this problem. A reasonable figure for », in 
precipitating clouds might be of the order 
10%, because then the final diameter of the 
growing ice-crystals will be 10 times that of 
the original droplets if we neglect all other 
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releasing factors and any further general 
condensation within the cloud-mass: and at 
the same time their specific number n; will 
be considerable. Under the above assumption 
(rw = 1000, nj = 1, and ry, = 6) r; would 
become 63 u, which would cause great differ- 
ences of fall velocities (0.45 and 44 cm/s); these 
would in turn start coalescence at a large scale 
in the cloud. A rough calculation (BERGERON 
1935) showed that under these assumptions, 
at — 10°C, half the water amount of the 
droplets would sublimate on the erystals in 
about 5 min. In 1939 FINDEISEN arrived to 
similar results, 1. c., p. 459—460.— The im- 
proved treatment of this problem, hinted on p. 
36, indicates 6 min. as a preliminary value 
for the time of com plete glaciation +; of the 
above ‘‘model cloud.” These figures agree rather 
well with the times observed in nature at 
these temperatures for the transformation of 
a Cu-top into a fibrous Cunb-top. This does 
not prove, though, that »y = 1000 is either the 
ordinary ratio in nature, or the optimum 
ratio %, but it may serve to indicate that, 
probably, very much cannot be gained as to 
precipitation by seeding clouds with artificial 
ice-nuclei above the (— 5° C- or) — 10° C-iso- 
therm since, within these strata, Nature itself 
seems to perform the seeding and precipitation 
release in a most efficient manner. — The 
thing to be aimed at, artificially, must be the 
introduction of suitably numerous and sufficiently 
effective ice-nuclei into cloud strata surpassing the 
0° C- but not the (— 5° C- or) — 10° C-isotherm. 


Fig. 1. Orographic, physically stable cloud-cap, formed 
on the volcano, Soembing, Wonosobo, Java. — Photo 
VISSER, 26. II. 1924. 


8 (a). Clouds of the kind shown in fig. 1, 
orographically formed individual cloud-caps 
of about 1—$ km horisontal and 0.1—0.5 km 
vertical extent, however intense the condensa- 


tion may be within them, contain only wet 
fog — or, at the utmost, very fine drizzle — 
because they are too thin vertically, and their 
cloud droplets are too short-lived. Each in- 
dividual droplet forms within the windward 
part of the stationary cloud-mass, rushes 
through it in less than 10 min., and is dissolved 
at its leeward end before any of the ineffi- 
cient factors of precipitation release have had 
enough time to cause an appreciable effect. 
In all the cases where the cloud-cap lies entirely 
below the natural ice-nucleus level (in the 
case of fig. 1 the whole cloud lies even below 
the 0° C-isotherm), then, the cloud-mass will 
remain physically stable and will deposite 
little or no precipitation on the ground en- 
veloped in the cloud. This statement is con- 
firmed by the fact that the cloud-cap is sym- 
metric with respect to the obstacle causing it; 
then, also, no Föhn-effect will occur on the 
lee-side of the obstacle. 

(b). What has here been said concerning 
stationary clouds enveloping an obstacle must 
also hold in applicable parts for all clouds 
occurring in stationary (orographic) waves 
of the size and kind treated here, even if their 
base lies many km above any mountain top, 
as is the case with most of the orographic and 
frontal Acu lenticularis. An excellent proof 
of their constitution (minute water-drops of 
almost equal size) and physical stability is in 
this case often rendered by the brilliant diffrac- 
tion phenomena (coronae, gloriae, irisation 
etc.) displayed by their thinner parts. 

(c). Whenever any of the clouds discussed 
above surpass the ice-nucleus level, on the 
other hand, they will soon become physically 
unstable, which in case (a) leads to appreciable 
precipitation on the mountain and an asymmet- 
ric cloud-cap. In case (b) the precipitation will 
be visible as marked virga, evaporating before 
reaching the ground, and the diffraction 
phenomena will disappear: the Acu transform 
(partly) into Cicu. 

(d) Synoptic experience shows that a similar 
unstable state is reached already by aid of the 
slow release factors alone, if the horizontal 
extent downstream of the orographic cloud 
is increased to, say, 10—50 km (and the thick- 
ness possibly to r km or more). Such oro- 
graphic cloud systems may then render even 
abundant precipitation, though mainly of the 
drizzling type (r < 250m); cfr the rain-fall 
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in Hawaii as described by SELLING and W ALLEN 
(see SELLING 1948, especially 1. c., p. 65). — 
As to artificial seeding of Hawaiian clouds, 
the observations of LEOPOLD and HALSTEAD 
1948 (l:c., p. 531) hint that it is ineffective 
when the cloud thickness is only about 1300 
m, but that it may become effective when 
the thickness attains 2000 m. 


Fig. 2. Cumulonimbus (left) with a snow-shower, and 

Cumuli (right), demonstrating the typical difference in 

outward appearance between ice-clouds and water-clouds. 
— Photo C. A. CLARKE, Aberdeen, 18. IV. 1921. 


9. Good samples of convective clouds 
are shown in fig. 2. The Cu to the right are 
still typical water-clouds with a clear-cut and 
cauliflower-shaped surface; they are either 
not reaching the ice-nucleus level or as yet 
not showing the outward signs of any glacia- 
tion or precipitation release. Within these clouds 
there would not occur any appreciable precip- 
itation release, even if the drops had opportu- 
nity to exist for a considerable time, as long 
as the clouds did not reach the ice-nucleus 
level (e.g. if spreading out as Acu cugen below 
an inversion near the 0° C-isotherm). — The 
cloud in the middle and left part of fig. 2 
reaches much higher; its top has the fibrous 
structure produced by efficient precipitation 
release within it. In fact, a shower is seen to fall 
from the cloud base, and so low were the 0° C- 
and + 3° C-isotherms on this spring day (18th 
April) that most of the cloud and precipitation 
could get glaciated, once the release was started. 

10. The mechanism of the artificial ice- 
nucleus seeding by a CO:-pellet falling through 
a supercooled cloud is represented tentatively 
in fig. 3 by the schematic pictures A—C, with 
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Fig. 3. The principle of artificial ice-nucleus seeding 
by CO;-pellets, and ensuing growth of ice-crystals. 


a successive reduction of scale of representa- 
tion, but in principle with the same symbols. 
Assuming the temperature of the falling pellet 
to be — 80°C, a film of air with a temperature 
below the critical — 35°C must form around 
it and spread a little in its “wake”. Inside the 
isotherm of — 35°C, therefore, ice-nuclei will 
form spontaneously, according to theory and 
well-established experiments (cfr CwiLoNG 
1945, SHEPPARD 1947). Once formed, these 
ephemeral nuclei will subsist as long as T < 0° C 
and e => E;, and they will even grow rapidly 
into simple ice crystals when e > E;, and into 
skeletons if e > E;; cfr A. WEGENER IQII, 
p. 89. — Concerning permanent ice-nuclei, of 
silver iodide, see B. VONNEGUT 1947. 

Fig. 4 illustrates how a Cu with supei- 
cooled top is artificially seeded by CO:: 
pellets from an air-plane. Just as in fig. 3 the 
ice-nuclei and ensuing snow-crystals are as- 
sumed to spread conically in the wake of 
each pellet (in the same way as a smoke 
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Fig. 4. I. Cumulus seeded from an air-plane. 
II. Cumulus transformed into Cumulonimbus. — 
Legenda see fig. 3. 
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column) thanks to the intense turbulence 
within a Cumulus. Only in this manner can 
even a limited number of CO:-pellets induce 
a complete seeding of the cloud below the 
path of the air-plane. 

11. It remains to explain, though, how the 
narrow path sceded artificially across a 
Cumulus-top can later on lead to a complete 
glaciation of the whole of its upper part and 
to the transformation of a whole Cu into a 
Cunb. To explain such cases, if the evidence 
concerning them is reliable, we shall postulate 
a double release which may act both (a) at the 
natural, and (b) at the artificial, seeding of 
supercooled clouds. The first, relatively small 
number of ice-nuclei, (a) formed within, (b) 
or introduced into, the cloud, will cause a 
certain amount of water to crystallize by 
sublimation. The heat of fusion then set free 
will raise the temperature of this part of the 
cloud and give it an additional updraft, pro- 
vided the temperature lapse-rate, just above 
the cloud, already beforehand was nearly 
moist-adiabatic; thereby it reaches a lower 
temperature at which the natural ice-nuclei, 
(1) will be omnipresent, and much more 
numerous and/or effective, (2) or will form 
for the first time in sufficient number etc. 

The much quoted experiment in Australia, 
by Kraus and SQUIRES 1947, see fig. 5, is 
perhaps the only properly controlled case 
which seemingly contradicts the findings of 
Coons and coll. 1948 b, mentioned in the 
footnote on p. 33. In the Australian case precipi- 
tation came solely from the two seeded Cu- 
muli, out of many hundreds observed from 
the airplane, during a whole day. This case 
may belong to the above category, with a 
double release, since the vertical temperature 
gradient was favourable, and since the seeded 
Cu shot up very markedly and high above the 
level of the others — possibly thanks to heat of 
fusion(l. c., p. 494) — at first without showing 
much glaciation (subfigs 3—4) and no Radar 
echo. Not until 16 min. after the seeding, when 
spreading at the 12 km level (subfig. 5), such 
an echo began; a little later the “anvil” got the 
typical ice-cloud aspect (subfig. 6), and a 
shower went down from the cloud. 

12. It is here the proper place to emphasize 
one main reason why the results of artificial 
seeding of Cu clouds, as to precipitation in- 
duced, must be difficult to control, both by Ra- 
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after about twenty minutes. 


Fig. 5. Artificial seeding of a Cumulus at Lithgow, 
near Sydney, Australia, on $. I. 1947. — From Kraus 
and SQUIRES 1947. 


dar and by rain gauges at the ground. Drops 
of sizes up to r= 102 cm will evaporate com- 
pletely already 100—200 m, or less, below the 
cloud base, even if numerous (see FINDEISEN 
1939 b, p. 458), and have ro chance of reaching 
the ground. Greater drops may fall a con- 
siderable distance, but they are certainly not 
numerous in the cases considered, and the 
vertical extent of the region with maximum 
drop size will be relatively small. Consequently, 
the Radar echo intensity, varying roughly 
as r°, and as the total number of drops, will 
be faint. — To get a deep column filled with 
sufficiently big drops, a “joint and continual 
attack” from above of a very great number 
of big drops is necessary. The first lot of drops 
will penetrate the underlying dry atmosphere 
and moisten it in evaporating, at least to a 
great extent. To get the rain properly down 
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to the ground, the favorable conditions thus 
created must be followed immediately by a 
continued invasion of droplets from the cloud. 
This latter stage, though, will probably be 
missing in many (or most) of the cases with 
artificial seeding by solid CO,, because of the 
limited number ofartificial ice-nuclei produced, 
if this process is not supplemented by a second, 
natural seeding and release?. 


+ 


We may now proceed to discuss and esti- 
mate the possible success of artificial seeding 
within the main types of clouds and cloud 
systems existing in nature. 

I. The natural evolution of convective cloud 
formed within a deep layer of more or less 
unstable air is shown very schematically in 
fig. 6. Three main cases can be distinguished. 

(1) With insufficient statical instability or start 
of convection, the cloud may never surpass 
the stage Cu humilis (a in fig. 6). Over land 
in the summer half of the year, the clouds will 
then, almost at all latitudes, be warmer than 
°C and thus be artificially unreleasable. Du- 
ring the winter half of the year, Cu hum may 
surpass the 0° C-isotherm, but they will then 
mainly form over sca or along the coast, and 
their release will not be important to Man. 
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of convective 
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Natural evolution 


(2) The Cu may grow into Cu congestus 
(b in fig. 6), but they will then, even in summer 
and over land, in temperate latitudes, rapidly 
reach the natural ice-nucleus level and trans- 
form into true Cunb (6 c == Cunb calvus, 
6d, e = Cunb capillatus). Artificial release has 
then no real mission to fulfil, in good agreement 
with the findings of Coons and coll. 1948 b. 


! In a paper which could not be considered until this 
article was already in print, I. LANGMUIR (1948) treats the 
release of precipitation by a ‘chain reaction”? which may 
be started even in “warm clouds” by seeding with big 
water-drops only. The possible reaction of this theory 
on the problems in 3, 7(a), 11—12, and on the conclu- 
sions I—IV below, will be duly heeded in a following 
article. 


Fig. 7. Evolution of convective cloud below an in- 
version (schematic vertical section). 


(3) As to the Cu congestus in subtropical 
and. tropical regions, cfr discussion in 3 above. 
These cases are not represented in fig. 6. 

The natural evolution of convective cloud 
with an inversion at a medium level leads to 
the well-known Acu cugen, shown schemati- 
cally in fig. 7 A, characterized by lack of precip- 
itation release, at least in temperate latitudes, 
in day-time. As shown by fig. 7B, though, 
artificial release would presumably not pro- 
duce much real rain, because the bulk of the 
cloud is too thin, its base is too high, and 
condensation has ceased. 

II. A frontal cloud system may be regarded 
as a huge and extended Cunb-cloud the axis 
of which forms an angle of a few degrees with 
the horizontal instead of about 90°. The fully 
developed upslide cloud system already con- 
tains the complete mechanism of natural precipi- 
tation release. Only when such a cloud system 
is just forming, or in systems formed entirely 
within Tropical air, this mechanism may still 
lack or work slowly. In any case the rain 
intensity from these cloud systems is much 
less than from a Cunb. Consequently, an arti- 
ficial seeding, perhaps effective in the initial 
stage, would have to be continued over a 
long time and great space to be of any real 
use, and would then probably be uneconomic 
or impracticable. 

Ill. The clouds formed by the slow or weak 
agents of condensation: fog, St, Stcu, and Acu 
due to radiation, turbulence, advection etc., 
belong decidedly to the category treated in 1—2; 
and strata just above the 0° C-isotherm may 
remain releasable but unreleased for a con- 
siderable time if left alone — apart from 
sparse grains of snow (or drops), cfr 7 (a). The 
low intensity of condensation, however, implies 
that, even by artificial seeding, no intense and / 
or continued precipitation could be extracted 
from them. Generally, the only amount of water 
which could be brought down to the ground 
from such clouds is the one already condensed 
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beforehand. If k is the amount of condensed 
water within the cloud in g/m? (generally of 
the order ı g/m?), then the maximum amount 
of releasable precipitation would be k mm per 
1000 m thickness of cloud, i.e. of the order 
of 1 mm. Therefore, even artificial release 
would, at best, give appreciable but not 
abundant precipitation at the ground, mainly as 
drizzle and only from the cloud species named 
opacus, cfr fig. 8, but not from the species 
named translucidus. 


Le No effective precip. release. km 
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Precip -axg t 
at ground:None |Slightmoderate 
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potential layer of release, i.e. unreleased 
supercooled water-cloud 


water-cloud at temperatures above 0°C. 


Fig. 8. Different kinds of stratiform clouds (schematic 
vertical section). 


There is, however, an effect of the artificial 
ice-nuclei on this kind of cloud which may 
prove useful for aviation and other purposes: 
the precipitation release, though weak, tends to 
dissipate stratiform clouds, as shown at an 
experiment conducted by LANGMUIR and 
reproduced here (from V. SCHAEFER) as fig. 9. 


B a RE see 


Fig. 9. L-shaped gap produced in a Stratocumulus- 
deck by artificial seeding with CO,-pellets. — From 
V. SCHAEFER 1948. 


It follows from 7, however, that the 
ratio » is a very important factor also in this 
case. A too great value, e.g. 10°, might imply 
a day to clear the air within the area seeded, 
whereas with » = ı the effect would be almost 
instantaneous, if working at all (as will be 
shown in a later. article). In the latter case, 
however, the seeding would transform the 
water-cloud (or water-fog) into an ice-cloud 
(or ice-fog) with the same size and specific 
number of elements, i. e. the same opacity; 
such ‘‘overseeding” must then also be avoided. 
—This effect has also another aspect, apparently 
not heeded hitherto, which, in the long run, 
may considerably diminish or even nullify 
its usefulness. If the artificial precipitation main- 
ly evaporates before reaching the ground, as 
shown in fig. 8 c—e (lower row), and made 
plausible by the reasoning in 12, this means 
that water has been transferred from above 
the o°C-isotherm, where it is releasable, to 
below this isotherm, where it is unreleasable. 
Ensuing condensation effects, acting without 
lifting of the air (radiation etc.), may then 
reproduce the Stratus etc. at this new and 
lower level — where it no longer can be ar- 
tificially dissipated and/or brought down to 
the earth as precipitation. 

We may on the other hand assume that a 
certain region, like a coastal or mountain area, 
with a prevailing wind direction, is often 
invaded by fog and Stratus, impeding traffic 
and decreasing the hours of sunshine. In this 
case artificial seeding might dissipate, to a 
certain degree, the persistent cloud-deck in 
the manner just discussed. At the same time 
the lowering of the moist layer in the atmo- 
sphere would do no harm because the prevailing 
wind would continually bring it into another 
region with an entirely different regime, e.g. 
to a hot continent, where convective processes 
reign. — In summer, the Scandinavian moun- 
tain range, the Scandes, offers an example of 
such a region, especially in the area between 
63° and 65° N lat., see fig. 10. A considerable 
part of the “fog” shown on this map is 
produced by stratiform clouds forming over 
the adjacent cool ocean, or favoured by the 
stable stratification over it, and brought in, 
or produced, over the mountains by the 
prevailing W wind at this season. Provided 
that these clouds (just) surpass the 0° C-iso- 
therm, they might, to some extent, be dissi- 
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pated by the method outlined above, and the 
sunshine hours might be increased. The lower- 
ing of the moist layer, accompanying the 
dissipation, would have no unfavourable effect 
on the climate leeward (i.e. to the E) of this 
region because, in summer, the combined 
dynamic and continental heating of the W 
current, flowing downwards and inland, 
would in any case bring fair weather or 
showers there. 

- IV. The discussion in I—III can be summarized 
by stating that any seeding, natural or artificial, 
mostly will be of little direct use for supplying 
water to the earth’s surface, especially at low 
levels, if there isno condensation by systematic 
lifting going on within the clouds, even when 
they are releasable but not released. Having 
shown, on the other hand, that the convective 
and frontal clouds, on an average, cancel from 
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the list of such clouds, the main remaining 
possibility for systematically causing abundant 
artificial rain must consist in seeding cloud- 
masses produced by a 
stationary and slant- 
ing upward motion, 
sufficiently strong, and 
surpassing the 0° C- iso- 
therm, but not the—s° C- 
(or — 10°C-) isotherm. 
These conditions are, as a 
rule, only realized within 
very special orographic 
cloud systems, to be trea- 
ted in a following article. 


At 


5 
and 
3 il 


Fig. 10. Average fog distri- 

bution in summer (June— 

August) in Sweden. — From 
A. ÂNGSTRÜM 1946. 
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Abstract. 


Pressure change areas in the soo mb level move with 60 % of the speed of the wind 
in that level. Advection of cold (warm) air at upper isobaric levels is followed by 
geopotential falls (rises) at the same levels. The prognostic usefulness of this rule is 
much higher in the 500 mb level than in the 700 mb level. — There are strong indications 
of dynamic interaction between flow patterns in distant regions on the hemisphere. A deepening 
of one upper trough will in special cases lead to a second deepening downstream. — 
In a deepening trough the cold tropospheric air is shown to be sinking at the same 
time as the jet stream increases and the front becomes sharper. Models of the distribution 

of vertical motion and divergence in the frontal zones are given. 


Introduction 


The study of the formation, movement, 
deepening and filling of atmospheric disturb- 
ances is the principal research problem for 
a synoptic meteorologist. While considerable 
progress has been made concerning the move- 
ment of disturbances, rather little is known 
about the formation or intensification of 
pressure systems. Theories have been developed 
‘for the stability of waves as functions of 
horizontal and vertical wind shear, or of the 
slope and intensity of fronts. Up to the present 
time little or nothing of these theories has been 
directly applicable in prognostic work. 

In a study [7] of a cyclogenesis over Scot- 
land and the North Sea April 1939 I found 
that above 2 km no front was present at the 
beginning of the deepening though one was 
formed during the cyclogenesis’ and I stated 
that the development evidently must be due 
to some other factor than the instability of a 
wave front. At that time, I was not able to 
give any explanation of the process. After the 
war I had the opportunity to join a group of 
meteorologists at the University of Chicago 
for the year 1946—1947. This paper is a result 
of research work carried out during that time. 


I tried to apply and test some of the theories 


‘developed by Rosssy in forecasting technique. 


Historical Weather Maps [4] for soo mb, for 
the months of October and November 1945, 
prepared by the USA Headquarter Army Air 
Forces Weather Service were used. Maps 
showing the interdiurnal changes in geopoten- 
tial were drawn, and the behavior of areas of 
height (geopotential) increase and decrease 
(pressure rise and pressure fall) was investigated. 
The actual daily weather maps for various 
levels were also studied. 


Movement of pressure change areas and in- 
terdiurnal variation of pressure aloft 


It was found that individual centers of soomb 
level change areas can be followed for several 
days and in some cases for more than a week, 
and that the 24 hours change in intensity ofsucha 
change center was in general much smaller 
than the intensity of the change area itself. 

The movement of the change areas is as a 
rule in the direction of the wind and the speed 
is in general about 60 % of the wind speed. 
This rule is of high value in forecasting for 
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24 and 48 hours and is so obvious that it must 
be found by anyone working with upper 
change areas. It will later be shown that the 
rule can be given a physical interpretation. 
If the daily position and intensity of the 
isallobaric centres at the soo mb level in 
October 1945 are plotted on one map a con- 
centration of dots arises as shown in fig. 1 a. 
There is one marked center south of Bering 
Strait, another one almost as strong over 
Labrador and a third and less intense one over 
northern Russia. The centers south of Bering 
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(fig. 1b) for November 1945 also shows a 
rather symmetrical distribution. The variability 
is greater and there are two additional centers, 
however; the picture of three main centers is 
the same as in October and there is only 
slight westward displacement of the main 
centers. 

Rossy [11] made use of the vorticity theorem 
to study the stationary quasi-horizontal waves 
that would be set up in a zonal current under 
the influence of a permanent localized geo- 
graphic perturbation and showed that 3—5 


fe 


a) October 1947 
Geographical distribution of interdiurnal pressure change a) October 1947, b) November 1947. The lines on the 
figures represent values of equal mean interdiunal pressure change. They were obtained in the following way. For 
the whole month each center of the daily pressure (geopotential) change areas was plotted with its value (A® in 
gpft) on a map. LAD of all maximal changes in a given area was then plotted and finally the isopleths on the 
figure drawn. Later the exact interdiurnal variability i. e. changes from day to day on each sth latitude and longi- 
tude intersection has been computed for October. The result in all respects conform the results from fig. 1 a. 


Strait and over Labrador are close to the areas 
where cold continental air and warm maritime 
air meet in lower levels and these two centers 
could be thought of as a result of extremely 
intense mixing of air masses. The third center 
over Russia can not as easily be explained as a 
result of such an interaction of air masses; it 
seems to be of a more dynamic origin. It is 
of interest to note that the difference in longi- 
tude between the three. centers is approxi- 
mately 120°. A similar change area chart 


Fig. ı 


b) November 1947 


main troughs would be established around 
the earth. If two of these troughs are de- 
termind by geographical factors a third one 
is likely to form in such a way as to give a 
symmetrical picture of troughs and variability. 

Dr T. BERGERON and Dr E. Brent have 
brought my attention to the fact that indica- 
tions of a similar maximum of interdiurnal 
variability and in roughly the same position 
has been found on surface maps by von 
Ficker, in his studies of Russian air pressure. 
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Advection and pressure changes 


The relationship between temperature advec- 
tion and pressure change in upper air levels is 
clear-cut. Statistics by Hess and Wacner |] 
give a correlation coefficient between actual 
pressure and temperature changes in the 700 
mb-level amounting to roughly 0.5. Namras 
[6] found a correlation coefficient between 
pressure and temperature varying between 
0.3 and 0.8 at the 700 mb level for different 
places in U.S. and for different seasons. 
Working with the soo mb-level I was im- 
pressed by the high correlation between tem- 
perature change and height change at that 
level. The correlation between forecast tempe- 
rature change and actual pressure change over 
the U.S. in January 1947 was studied. Trajec- 
tories were computed from the actual chart 
assuming steady winds (gradient or measured 
winds) for 12 hours; then the pressure systems 
were displaced using extrapolation methods 
and three hourly pressure changes at the surface, 
and new trajectories for the following 12 hours 
were computed from the modified chart. The 
temperature at the starting point of the trajec- 
tory the first day was taken as the forecast 
temperature at the end point on the second 
day. This method of computing trajectories 
and taking the temperature values from the 
computations is surely less objective than Hess’s 
and Wacner’s method. However, this is a 
method of the kind that must be used in practi- 
cal synoptic work. The results are also in 
accordance with previous results. The correla- 
tion coefficient between forecast temperature 
changes and actual pressure changes for 24 
hours at the 700 mb-level amounts to 0.47 
while at the soo mb-level the corresponding 
value is 0.71. This increase with the height 
of the value of the correlation coefficient is 
significant, and it is in accordance with the 
larger correlation coefficient up to 0.98, 
between mean temperature in the troposphere 
and the pressure at 9 km found by Dives [2, 3] 
and by Scheer [13]. A regression equation 
computed from my data shows that a tempera- 
ture increase of 1° C corresponds to an in- 
crease in the height of the soo mb-level by 
30 m. Advection of such an intensity that the 
temperature of the air column is raised by 1°C 
would lead to an increase of the height of the 
contours at 500 mb amounting tO 20" Te 


The higher value of 30 m obtained from the 
regression equation indicates that the temperature 
rise in 500 mb also must be statistically combined 
with a pressure rise at the surface. The computa- 
tion of temperature changes in soo mb is an 
important aid in constructing upper air 
prognostic charts; the usefulness of such 
prognostic charts follows from the fact that 
the surface change areas follow the upper flow. 
This method of computing upper air charts 
is of a rather small usefulness at 700 mb or 
lower levels, as shown by Hess and WAGNER. 
However, the usefulness of the method 
increases with height and is quite considerable 
at the soo mb-level. The best application of 
the correlation will probably be obtained at 
some higher level, say 400 mb. Advection of 
warmer air aloft is followed by pressure rise, 
advection of colder air by pressure fall. The 
movement of pressure rise and pressure fall 
arcas in the upper levels thus is partly a result 
of advection. 

If there is cold air advection with pressure 
fall on the left hand of an air current and warm 
air advection with pressure rise on the right 
hand of the current, frontogenesis, or con- 
fluence, as termed by Namias, is taking place. 
It means that the speed of the air current 
increases and that the transversal pressure and 
temperature gradients aloft increase. 

The effect of warm and cold air advection 
can be expressed in terms of vorticity. The 
warm air, coming directly from a southern 
area and keeping its low absolute cyclonic 
vorticity undergoes anticyclogenesis as it 
moves towards north, while the cold air 
moving southwards tends to keep its high 
absolute cyclonic vorticity by setting up an 
increased cyclonic circulation relative to the 
earth. The study of advection, of displacement 
of pressure change areas and of trajectories 
give similar results if sufficient data are avail- 
able. In cases where the circulation is well 
known. the computation of trajectories may 
give a better result than the rule of advective 
pressure changes at least for longer range of 
time. However, in many cases the rule of 
advective pressure change is more easily 
applied especially when the analysed area is 
small and when the curvature of the current, 
and hence the value of the vorticity, are 
uncertain. When warm air advection takes 
place from the north or cold air advection 


AN AEROLOGICAL STUDY OF LARGE-SCALE ATMOSPHERIC DISTURBANCES Av, 


from the south the advective rule still holds 
and in that case it is almost impossible to 
apply the trajectory method with success in 
daily routine work. 


Deepening troughs and vertical motion of 
the cold air in the troughs 


In Rosssy’s theory [11] the vertical compo- 
nent of absolute vorticity in general is supposed 
to be constant and vertical movements are 
neglected. In a study of ocean currents RossBy 
[10] has shown the mutual adjustment of pres- 
sure and velocity distributions. It has been 
suggested [15] that, in analogy hereto, the 
cold air on the left hand side of an atmos- 
pheric current rises to adjust the pressure 
distribution to the motion, as the current 
enters a new area. CRESSMAN [1] states that in 
one case he has found a considerable lifting of 
the cold air. This process of lifting is partly 
based on the fact that the coldest air was found 
south of a relatively warm ridge. But this fact 
is normally a result of horizontal advection 
which varies with latitude and CressMAN’S 
reasoning is not convincing. I have studied 
the vertical motion synoptically during the 
winter 1946—1947 for several cases. No upward 
motion of the cold air has been found at any 
place. The deepening in the upper levels 
is then mainly a result of horizontal advectional 
effects. If upward motion does exist it must 
take place only on the left hand side of the 


cold current and the upward motion must be 


Fig. 2. 700 mb contour chart. North America. Full 
lines, contours in hundreds of geopotential feet. Dashed 
lines, isothermes (C). Jan. 16,0300 G.M.T. 1947. 
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Fig. 3. 700 mb contour chart, North America. Fulllines, 
contours in hundreds of geopotential feet. Dashed lines, 
isotherms (C). Jan. 17,0300 G.M.T. 1947. 


rather insignificant. In general the movement 
of isotherms in a constant pressure surface is 
much slower than the component of the geo- 
strophic wind at right angle to them, a rule 
which holds both for warm and cold air 
advection. In special cases the effect of sinking 
of cold air overcompensates the effect of the 
cold air advection and the isotherms move 
against the current. This is particularly the 
case when an inversion is present close to the 
isobaric level in question. On the map for 700 
mb 16 Jan. 0300 G. M. T. (fig. 2) there is a bend 
of the —20° C isotherm deep into south- 
western U.S. A., 24 hours later the — 20° C 
isotherm in that level and area has completely 
disappeared (fig. 3). The soundings from Grand 
Junction (fig. 4) show a strong inversion which 
is at first, 16 Jan. 0300 G.M.T., slightly above 
700 mb and then sinks below that level. 
Although the actual temperature increase is 
about 10°C, the sinking motion does not 
amount to more than about 1000 m in 36 
hours. This sinking occurs on the right hand 
side of the current in the rear part of a trough 
and may be regarded as quite normal. 
When an upper trough deepens the warm 
air on its eastern side is thrown northward 
and the pressure to the right of that current 
increases, leading also to a pressure rise area 
on a 24 hours change chart. Frequently a 
ridge is thus formed. These are quite normal 
features and the rule can be used in prognostic 
work with good success. The pressure rise 
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Fig. 4. Soundings from Grand Junction in a T-logp 
diagram. Temperatures are given in degrees C. 


again may lead to an advection of cold air on 
the eastern side of the ridge so that the first 
deepening indirectly leads to a second 
deepening down stream. Cases of that kind 
may be found, (see for instance CRESSMAN 
[r]) and in general some prognostic use can be 
made of this rule although it is not very useful 
unless it can be combined with some other 
criteria. 

Through the strong subsidence the thermal 
contrast at the front between the air masses 
disappears. The subsidence inversion (fig. 4) 
north of the secluded center (see fig. 3) is 
not the original front as the air above the in- 
version originally was much colder than the 
warm air at corresponding levels further to 
the west; rather it is believed to be a sub- 
sidence inversion formed in the cold air. 
However, the initially cold air heated by 
subsidence soon becomes much warmer than 
the air further to the north which has not 
subsided as much. We find a broad transitional 
zone without temperature fronts (sce fig. 3). 
North of that zone a new front is forming 
concurrently with the development of a new 
disturbance. Through the subsidence and a 
simultaneous advection of warm air in the 
north a core of cold air is cut off in the southern 
part of U.S.A. forming a cyclonic vortex. 
A similar cutting off over southern Russia in 
April 1939 was described by the author in the 
paper quoted above [7| and this seclusion 
process which is very frequent over south- 
western U.S. has been studied especially by 
PALMÉN [8], who gives more extreme cases 


of this cutting off. Other places with frequent 
seclusions are the Mediterranean area and the 
Atlantic west of Portugal. 


A model of vertical motion and divergence 
in frontal zones 


The two figures 5 and 6 are the soo mb 
charts for Jan. 20 and 21, 1947, 0 300 GMT. 
The mean vertical motion during the time 
interval between these two charts can be 


lines, contours in tens of geopotential feet. Thin dashed 
lines, isothermes (C). Heavy dashed lines show change 
in geopotential during following 24 hours. 


Fig. 6. 500 mb contour chart, North America. Full lines, 

contours in tens of geopotential feet. Thin dashed lines, 

isothermes (C). Heavy dashed lines show change in 
geopotential during last 24 hours. 
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computed approximately through the con- 
struction of trajectories for the geostrophic 
wind. We find that over the Middle West the 
isotherms in the soo mb level have a forward 
motion below 75 % of the geostrophic wind 
speed; from the vertical lapse rate we can 
compute that the mean vertical motion was 
about 1 soo m in 24 hours. This downward 
motion in regions of cold air advection (pri- 
marily at the cold front) is, as mentioned 
previously, a normal feature. The corresponding 
upward motion at the warm front, or in the 
frontal zone, where warm air advection takes 
place, is also well established through synoptical 
experience. Now, if the vertical motion is 
most pronounced at the point where the advec- 
tion is strongest we arrive at the distribution 
of vertical motion indicated in fig. 7. 

The divergence described above as concur- 
rent with vertical motion at frontal zones is 
superimposed on the divergence concurrent 
with variations of the horizontal wind speed, 
the path curvature and the latitudinal variation 
of the Coriolis parameter. These latter effects 
are not considered here. 

It is well-known that there is an almost 
complete balance between vertical divergence 
and horizontal convergence, or vice versa, so 
that in the equation of continuity, 

1do (3 dv, , Ov 

o dt ôx dy)" dz 
the left hand side is negligible in comparison 
with either of the two terms on the right hand 
side. It follows that horizontal convergence, 


Ov, 


concurs with 


Below the cold front the vertical motion is 
directed downward but increasing in intensity 
upward; this implies vertical convergence and 
hence horizontal divergence. Above the cold 
front we have vertical divergence and thus 
horizontal convergence. Below the warm- 
front the upward motion increases with 
height and there is horizontal convergence, 
above the front there is decreasing upward 
motion and horizontal divergence. Through 
the horizontal convergence over the cold front 
and the divergence over the warm front circu- 
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Fig. 7. Normal distribution of large scale vertical 

velocities and horizontal convergence and divergence at 

sloping frontal zones. The two parts of the figure 1. e. 

the cold frontal zone and the warm frontal zone should 
be regarded as independent of one another. 


lations are set up aloft in accordance with the 
figure 8. The air above the cold front zone 
and in the upper part of that zone acquires 
increased cyclonic vorticity, while the air 
above the warm front zone and in the upper 
part of that zone acquires an increased anti- 
cyclonic vorticity. Below the frontal zones 
and in the lower parts of these zones the 
change of vorticity is in the opposite direction. 
Thus the cold air receives an additional compo- 
nent to the South, the warm air a component 
to the North, which tend to keep the front 
sharp although the vertical movements act in 
a frontolyzing way. At the warm front the 
warmest air is brought northward, the colder 
air southward and even the front may be 
sharpened. (at the warm front the setting free 
of latent heat of condensation may be of im- 
portance as a frontogenetic factor). 


Fig. 8. Typical distribution of contours (full lines) and 

isothermes (dashed lines) at soo mb in a deepening 

trough. Heavy dashed lines with arrows show horizontal 

circulation as result of vertical motion and convergence 
and divergence. 


CA 


Behaviour of the jet stream and of the 
frontal surfaces in a deepening trough 


The area covered by aerological observa- 
tions is in general too small to permit a study 
of the origin of variations of the subtropical 
high pressure cells. We know, however, that 
the variations are frequent and that a west- 
ward movement or increase of one of the cells 
will be associated with an increased south- 
westerly current with warm air advection on 
the northwestern side of that cell. 

Through the advection of warm air from 
the west and southwest and of cold air from 
the northwest (i.e. confluence) into the central 
parts of the ridge following a trough, the 
westerly current aloft is intensified and a 
jet stream is formed. The jet stream was 
found in mean charts over North America 
by Wırer [16]. On daily charts it was 
studied in Chicago primarily by PALMÉN [8], 
who has illustrated its structure in several 
papers. It consists of a zone with a high maxi- 
mum velocity, decreasing upward and down- 
ward as well as northward and southward. 
From theoretical considerations Ross [12] 
found the wind maximum to be about 40 
m/sec at 50° N and about 90 m/sec at 35° N. This 
theory is developed from the assumption that 
the jet is the result of a lateral mixing process. 
On the north side of the jet the horizontal 
gradient of the vertical component of the 
absolute vorticity vanishes, on the south side 
it is constant. Some vertical cross sections have 
indicated the presence of inertia instability on 
the south side of the jet, and several writers, for 
instance SOLBERG [14] and Rent [9], have 
proposed this instability as the cause of frontal 
wave development. 

If the inertia instability south of the jet is 
of great importance for the formation of 
cyclones, the appearance of the jet must be 
the first sign of the coming development. 
The question then arises, how is the jet created? 
We shall consider a synoptic case; which is a 
rather typical one (Jan. 20 and 21, 1947, 
fig. s and 6). On Jan. 20 a high over the eastern 
Pacific brings warm air up over the North 
American Pacific Coast, the pressure rises 
and the speed of the upper current increases 
in that region. Through this rise cold air 
over Western Canada starts moving towards 
southeast. Concurrently a frontal disturbance 
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Fig. 9. Cross-sections of temperature, below, and wet 
bulb potential temperature, above. Dashed lines show 
distribution of computed gradient wind velocity. The 
cross-sections are taken normal to the jet stream. Heavy 
lines show fronts and tropopauses. Jan. 20, 0300 
G. M. T. 1947. 


appears at the ground moving in a south- 
easterly direction. On a frontal zone running 
from New Mexico towards northeast another 
disturbance appears at the ground. These two 
disturbances converge upon cach other, and 
a deep cyclone is formed at the surface and a 
deep trough aloft, over Middle West. Through 
the confluence over western Canada a jet is 
intensified and a frontal zone is sharpened in 
that region. 

The lower half of fig. 9 shows a cross 
section of temperature (°C) normal to the 
current, from the Pacific to Fort Smith in 
Canada and, the upper half, the same .cross 
section with wet bulb potential temperatures 
and lines of equal wind velocities in m/sec. 
In fig. 10 the corresponding data are given for 
the following day but the cross sections are 
now made between Miami, Florida and In- 
ternational Falls in Canada. Since the wind 
velocity varies considerably with height, 
there is only one level (about 600 mb) at 
which the air of the second cross section can 
be identified with the air in the cross section 
for the previous day. Nevertheless, the figures 
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Fig. 10. Cross-sections of temperature, below, and wet 
bulb potential temperature, above. Dashed lines show 
distribution of computed gradient wind velocity. The 
cross-sections are taken normal to the jet stream. Heavy 
lines show fronts and tropopauses. Jan. 20, 0300 
G.M.T. 1947. 


show certain significant differences. In the 
first place, the front has intensified considerably 
which is seen from the temperature cross 
section, and also from the wet bulb potential 
cross section. The same fact appears even 
more marked in fig. 11 which shows the 
soundings in Prince George and Port Hardy 
on the 2oth and in Nashville and Columbia 
on the 21st. While there are three isotherms 
(in degrees C) in the front on the 2oth, there 
are five or six on the 21st and the isothermal 
frontal sheet has developed into an inversion. 
The same feature can be seen at all levels. At 
the same time the wind velocity in the jet has 
increased from about 60 m/sec on the 2oth to 
about 110 m/sec on the 21st, when the jet is 
in a more southerly position. The tendencies in 
soo mb in tens of feet from Jan. 20 to Jan. 


21 are given in the charts in fig. 5 and 6 showing 
the deepening and movement of the trough. 
The sharpening of the front, the deepening of 
the trough and the increase of the jet stream 
thus seem to be simultaneous. 

We find that the jet approximately has the 
normal wind profile given by RossBy. The 
winds are gradient winds computed from the 
geopotential differences on the cross section 
and corresponding level charts. There are 
temperature errors in the soundings and 
uncertainties in the proper choice of path 
curvature; additional errors are introduced 
through the projection of the sounding stations 
on the cross section plane. Though the 
given values of the wind velocities may 
deviate 20 % from the real values it seems 
nevertheless probable that the wind veloci- 
ties are larger than those obtained from 
Rosssy’s theory under the assumption of 
constant vertical absolute vorticity north of 
the jet and a vorticity at the pole equal to 
twice the angular velocity of the earth. This 


_ discrepancy may be due to the vertical motion 


of the air. However, no definite answer can 
be given to that question at the present time 
and the problem of vertical motion has to be 
studied further. It is obvious that the constant 
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absolute vorticity profile is obtained in regions 
where cold air through large scale turbulent 
mixing has been brought far to the south 
carrying its high absolute cyclonic vorticity 
with it. Similar profiles but with weaker winds 
will probably be found in sharp ridges where 
warm air is brought far to the north. 

The deepening mentioned above was, as 
far as one can see, an effect of the confluence 
of warm and cold air masses over western 
Canada, a process whereby cold air could be 
brought southward on the eastern side of the 
area of rising pressure. The process was going 
on for a rather long time and ceased when no 
more warm or warmer air was brought into 
the ridge and no more cold or colder air 
was available to be brought into the system. 
We thus may conclude that the deepening was 
influenced by previous processes over the 
Pacific. The warm air coming from a southerly 
position with a low absolute cyclonic vorticity 
acquired a relative anticyclonic vorticity and 
created a ridge over the eastern Pacific. Fol- 
lowing an approximately constant absolute 
vorticity trajectory it run southeastward over 
the U. S. creating a pressure fall. But through 
the pressure fall the cold air was being drawn 
into the system. We obtained a direct circula- 
tion with sinking cold air and rising warm air, 
as shown by the temperature observations; 
the potential energy which was set free accele- 


rated the jet and lead to a pressure fall over the 
Middle West which was stronger than the 
initial pressure rise over the Rockies, as seen 
from fig. 5 or fig. 6. 


À a result of its sinking the cold air has a 
tendency to deviate from a constant vorticity 
trajectory; In the lower layers the cyclonic 
curvature is reduced, in the upper layers 
increased; In the warm air the modifications 
are in the opposite sense. 


Every situation is unstable to some extent. 
A weak disturbance acting during a short 
time interval may start a development (deepen- 
ing) where potential energy is converted into 
kinetic energy, but if the disturbance ceases 
to act as destabilizing force and turns to act 
as a stabilizing one, the process will stop. On 
the other hand if the disturbing force is acting 
in the same direction for longer periods the 
development may be considerable. The whole 
problem, as is well known, is very complex. 
It seems to me that it might be attacked with 
more hope for success by studying the posi- 
tions, movements, intensity and amount of 
cold and warm air masses together with the 
possibility of bringing these air masses together, 
than by restricting oneself to a study of the 
situation in small areas. The latter study can 
only give the sign of a development in the 
first moment. 
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On the Dispersion of Planetary Waves ın a Barotropic 


Atmosphere’ 
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Abstract 


In this paper an attempt is made to investigate the rate of dispersion of solitary, quasi- 
horizontal atmospheric disturbances with the aid of a simple barotropic model of the 
atmosphere. In low latitudes the dispersion is found to be extremely rapid, in good 
agreement with the observed absence of all but the smallest solitary disturbances. In high 
latitudes the dispersion is slow, permitting the establishment of persistent solitary circula- 
tion patterns. The theory appears so throw some light on the geographic distribution of 
the interdiurnal variability in the height of the 500 mb surface and on the relatively 
frequent occurrence of planetary waves with a wave length of 120 longitude degrees. 

A fuller treatment is now being published by my associate, Dr. T. C. YEH. 


In the last year or two a good deal of atten- 
tion has been given to the problem of for- 
mulating the basic equations of atmospheric 
hydrodynamics in such a manner that they 
may be integrated numerically with the aid of 
high-speed computing equipment. The chance 
of success in such an undertaking depends 
upon one’s ability to introduce appropriate 
simplifications in the equations of motion, not 
merely for the sake of reducing the number of 
operations involved in the integration, but for 
the equally important purpose of eliminating 
what J. Cuarney [2]? has referred to as un- 
desirable meteorological noise. To achieve this 
goal various simplified dynamic models have 
been proposed, among them a barotropic 
atmosphere in which the initial state of motion 
would be so chosen as to agree with the 


1 The term planetary wave is here applied to 
those quasi-horizontal atmospheric wave motions whose 
shape, wave-length and displacements are controlled by 
the variation of the Coriolis parameter with latitude. 
This name agrees well with the term “Planetarische 
Wirbelwirkung”’ introduced by V. W. Ekman [1] to 
describe the effect of the variable Coriolis parameter 
upon the configuration of the permanent currents in 
the ocean. 


2 References to literature cited are given in brackets 
and listed at the end of the article. 


observed conditions in the real atmosphere at, 
say, the soo mb level. It is evident that this 
model would be incapable of describing the 
processes whereby kinetic energy is generated 
but there are good reasons to believe that it 
might provide a fairly satisfactory description, 
for short periods of time, of the redistribution 
of motion which results from the special 
dynamic characteristics of the rotating frame- 
work in which the atmospheric shell circulates. 

A basic problem raised by these attempts 
at numerical integration concerns itself with 
the maximum speed at which the “influence” 
of a given source point is propagated and 
dispersed into the environment, since this 
speed obviously determines the size of the 
area over which initial conditions must be 
known if numerical predictions are to be 
made for a prescribed locality. In a previous 
study [3] of barotropic wave motions the 
author made a brief reference to the principal 
factor which appears to limit this speed but 
no numerical data were given. Since that time 
it has become increasingly apparent that a 
better knowledge of the rate of dispersion in 
the atmosphere may be interesting and useful 
to meteorologists generally, for instance in the 
interpretation and analysis of the persistence 
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of atmospheric disturbances. Of particular 
interest at the present moment is the fact that 
“long-wave” dispersion appears to be one of 
the more important factors determining the 
geographic distribution of interdiurnal va- 
riability of pressure referred to by Nysere [4] 
in his contribution to the present issue of 
Tellus. For these reasons, a few general com- 
ments and numerical data on dispersion in a 
barotropic atmosphere will be presented below. 
A comprehensive theoretical study of the 
subject is now being published by my 
associate, Dr T. C. Yen [5]. 

In a barotropic, incompressible atmosphere 
the motion may be described with the aid of 
the vorticity equation 


5 || =O, f= 20cm gy. (1) 


in which the operator d 


dt 
dividual rate of change with time. & is the 
vertical component of the vorticity of the air 
motion relative to the earth, f is the Coriolis 
parameter, D is the depth of the atmosphere, 
Q is the angular velocity of the earth and y the 
latitude. In such an atmosphere the individual 
variability of £ (or f) is likely to be much 
greater than that of D and hence it would seem 
permissible to replace (1) with the somewhat 
simpler equation 


{+O = 0. (2) 


represents the in- 


In the study of harmonic waves of the dimen- 
sions normally encountered in the atmosphere 
the two equations (1) and (2) give nearly 
identical results, but this agreement dis- 
appears as soon as one enquires into the 
maximum rate of dispersion for each system. 
The second of these is based on the assump- 
tion of purely horizontal motion. The corres- 
ponding atmospheric model consists of a 
fluid sheet completely filling the narrow 
. space between two parallel horizontal walls. 
The pressure is no longer hydrostatic; it is 
well known that in such a fluid system there 
exists no other upper limit to the speed with 
which impulses are propagated than the ve- 
locity of sound, which, for incompressible 
media, becomes infinitely large. 

In the real atmosphere the pressure is nearly 
always hydrostatic and local pressure changes 


must be brought about through addition or 
removal of mass, i.e. through processes which 
take a finite time for their completion. Under 
those circumstances it is not surprising that a 
barotropic atmosphere in hydrostatic equilib- 
rium and with a free surface, such as the one 
described by (1), possesses an upper limit to 
the speed with which it can transmit impulses. 

Among the many types of motion ‘described 
by (1) are also certain long gravity waves 
which are of little interest meteorologically. 
It has been shown by Cuarney (l. c.) that 
these may be eliminated from (1) by sub- 
stituting for ¢ the vorticity of the geostrophic 
wind. If this is done, (1) reduces to a differential 
equation for D which is of the first order and 
linear, with respect to the term containing the 
time derivative. Very little progress has been 
made with the study of two-dimensional so- 
lutions to this equation. However, it is rea- 
sonable to assume that even such simple one- 
dimensional solutions as plane waves of small 
amplitudes might shed some light on the 
dispersion problem. We shall, therefore, con- 
sider the special case of a constant westerly 
wind current U, upon which are superimposed 
plane waves travelling in the x-direction 
(eastward). With those assumptions (1) re- 
duces to the form 
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where the constant q has the dimension of a 
wave number and is given by 


Lage 
= > =) 4 

a GaN ay (4) 
g being the acceleration of gravity, and Do the 
mean depth of the homogeneous atmosphere. 
The numerical value of VgD, is about 280 
m.p.s. In (3) B represents the rate of change of 
the Coriolis parameter northward and has 
the value 


Q 


a being the radius of the earth. 
The frequency equation corresponding to 
(3) is of the form 
y UkR—B 
= — — 6 
TE Bg (6) 
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Fig. 1. Curves for the phase velocity c and the group 
velocity Cp expressed as fractions of the zonal wind 
U, and plotted as function of the non-dimensional 
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c,v and k representing phase velocity, frequency 
and wave number respectively. In Fig. 1 the 


3 c 

dotted lines represent yu 3s functions of A or 
JE, ‘ 

—, L being the wave length, for a few 
am > 3 


values of the non-dimensional parameter 


gu 

The same figure contains the group velo city 
dy UM+GUP+ B) k2— Ba° 

a pe k2 + q?)? (7) 


À Co 
in the form of curves for U as functions of : 


for selected values of — (full lines). A 


comparison between (6) and (7) shows that 
the group velocity always is in excess of 
the corresponding phase velocity. For very 
large values of L (k +0), both c and c, ap- 
proach the limiting value 


a: 
Fe BR. (8) 


The group velocity given by (7) reaches its 
maximum value when 


== 


Like aie ee, (9) 
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and the corresponding value of c is given by 
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[It should be noticed that for all values of L 

which are less than 274, or for all values of «, 

which are greater than U, each group velocity 

is | with two separate wave lengths 
or phase velocities. 


au 5° function of the 
q 

zonal wind U and the latitude. The rate of 
dispersion in the atmosphere is measured by 


Fig. 2 represents 
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Fig. 2. Diagram illustrating the dependence of n?= 
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this quantity; the diagram shows quite clearly 
the rapid decrease of dispersion with increasing 
latitude. 

Now assume that the equilibrium of this 
barotropic atmosphere is disturbed, at the 
time t=o, by a line source perturbation 
applied at the longitude x = o. It was shown 
in [3] that the group velocity distribution in 
the x,f-plane corresponding to such a per- 
turbation is given by 


Gœ =>. (12) 


It follows that the effect of the line source 
will spread eastward and westward, the 
maximum rate of propagation eastward being 
given by 


(13) 


and the maximum rate of propagation west- 
ward (retrogression) by 


“a (14) 


It likewise follows, from the character 
of the group velocity curves in Fig. 1, that 
double wave trains must appear in the region 


for which 
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Disregarding the advective effect of the 
zonal current one may say that the dispersion 
is confined to the area 
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q* > t = 8q? (x ) 
The rapid propagation westward which is 
indicated by the lower limit in (16) is effectively 
reduced by the fact that L cannot exceed the 
circumference of the earth!. Thus 
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With the aid of (16) it is possible to express 
the maximum rate of propagatıon eastward 


— 1.6 (17) 


1 The author is indebted to Drs. J. CHARNEY and 
G. PratzMan for this comment. 


in any particular latitude as a fraction of the 
earth’s linear speed at that latitude. One 
finds then 


a Cg max a, gDo 
aQ cos @ 162.0? sin? p 


(18) 


The corresponding wave length is given by 
(9), or 
x VgDo 


L= = : 
V3 Q sin y 


(19) 


Expressed as a fraction of the circumference 
of the earth in that latitude this becomes 


Di 


0.2 
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To the same extent as the barotropic model 
underlying these calculations may be used to 
represent the behaviour of large scale motions 
in the atmosphere the following conclusions 
appear permissible: 

(A) Dispersion increases rapidly with in- 
creasing dimensions of the systems con- 
sidered, up to a certain maximum wave 
length. Hence solitary perturbations of small 
dimensions are much more likely to show 
persistence than those of larger dimensions. 

(B) In equatorial latitudes dispersion is so 
rapid that no solitary disturbances except 
those of extremely small dimensions can 
survive for long periods of time. 

(C) North of latitude 60° even large-scale 
solitary disturbances are capable of showing 
considerable persistence, for time intervals of 
perhaps as much as a month. 

(D) A solitary source of perturbations at a 
prescribed longitude is likely to set off “re- 
sonance” effects in other longitudes farther 
downstream, with a spacing which corresponds 
to the wave length of maximum group 
velocity. For the zone of maximum activity 
in the northern hemisphere (between 35° N 
and 55° N) this wave-length is, according to 
(20), approximately 1/, of the circumference 
of the earth. Nyserc finds three centers of 
maximum variability in the free atmosphere 
(south of Berings Strait, Labrador and Euro- 
pean Russia, with intensities decreasing in this 
order). It is not unreasonable to suggest that 
the last of these centers may represent a “re- 
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sonance” effect of the other two, whose loca- 
tion would be determined primarily by 
geographic factors. 

(E) The maximum rate of propagation east- 
ward (relative to the basic current) in the 
zone Of maximum activity (lat. 45° N) may 
be computed from (13) and has a numerical 
value of about 16 m. p. s. 

It should perhaps be stated explicitly that 
the barotropic dispersion waves discussed 
above would be of minor significance were 
it not for the fact that they, at least occasionally, 


appear to be able to release some of the poten- 
tial energy available in the barocline mass 
distribution, as described by CREssMAN [6]. 
They thus seem to perform the role of “primäre 
Druckstörungen” in the sense used by von 
Ficker in his theory of the structure of atmo- 
spheric disturbances [7]. It is finally appropriate 
to mention that synoptic evidence for the 
dispersive processes analyzed above has been 
brought out, independent of theory, by 
various investigators, for instance EVJEN [8] 
and especially Namras [0]. 
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NO: PES 


The Norwegian-Swedish-British Antarctic Expedition 


This expedition, the financial backing of 
which has now been secured, is planned to 
leave Norway in November 1949 for the 
Western parts of Queen Maud Land, in about 
long. .o°, to spend two winters there and 
return to Europe in 1952. As this district was 
claimed by Norway in January 1939, and 
recognized as a dependency of that country 
in June 1948, and as Norway is paying far 
more towards the expedition than either of 
the other countries, the expedition will sail 
under the Norwegian flag, and its leader will 
be Professor H. U. SvERDRUP, the Director of 
“Norsk Polarinstitutt”. The wintering group 
will consist of 14 men, of whom 6 are scien- 
tific experts, 2 from each country. This ex- 
pedition was first proposed by me in Oslo 
and London in May 1946, and committees 
appointed for that purpose by the three 
countries have since been cooperating in 
working out the plans. 

The part of the interior of Queen Maud 
Land situated between long. 10° W and 
20° E and lat. 70°—73° S, was preliminarily 
surveyed from the air by the German “Schwa- 
benland” Expedition in 1938—39. Theresulting 
photographs and reports in “Deutsche Ant- 
arktische Expedition 1038-39 (Bd. I, 
Leipzig 1942) indicate that this district is 
extremely interesting, especially from the 
glaciological and climatological points of view. 
Areas free of ice and snow at the feet of heigh 
mountain massifs form ‘“oases” in the ice 
desert, surrounded by the inland ice. Into 
these areas flow local glaciers of various sizes 
and morphological types, which have left 
terminal moraines there from recent stages of 
greater extension than now. Similar conditions 
occur in the mountain districts E. of 20° E, 
which were air photographed on UPS: A: 


operation Highjump in 1946—47. There are 
also heigh mountain massives W. Of 10° (Wi: 
seen from long distances by the German 
expedition, but as yet unknown. 

The expedition 1s exclusively scientific. It 
is no voyage of discovery. Its object is to 
increase, primarily by geophysical methods, 
our knowledge of the ice, atmosphere, and 
bare parts of the earth’s crust, which is of 
importance to a true understanding not only 
of local, but also — and particularly — of 
world-wide conditions. The object is in other 
words strictly specialized in order to attain 
generic results. 

The Expedition’s program of scientific work 
will be divided into the following three main 
parts: 1) Glaciology, for which Sweden will 
be responsible, 2) Meteorology, for which 
Norway will be responsible, and 3) Geology, 
for which England will be responsible. 

The glaciological work will be done at 
Headquarters, by flights over the mountain 
districts, and by excursions with them on dog 
sleds and weasels. 

The most important Base Station task will 
be to study the physical properties o the in- 
land ice, which is of the high polar type, 
i.e. its temperature is below melting point to 
a considerable depth. For that purpose we 
want to record its temperatures, at different 
depths down to about 100 m, during a period 
of at least 114 years by electrical resistance 
thermometers. Our knowledge of the thermial 
conditions of the inland and shelf ice is inade- 
quate but our knowledge of their crystallo- 

raphic structures is even more deficient. We 
shall therefore try to obtain, through drilling 
an undisturbed, about 150 m long core. 
Technically, the most difficult problem is to 
remove the cuttings from the deep hole. A. 
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U. G. Straitline boring machine from the 
Canadian Longyear Co. will be used. The 
structure of the upper parts of the frozen firn 
will also be carefully examined in open shafts. 
Besides these more specific investigations, the 
amounts and differents kinds of accumulation 
material (direct precipitation and snow drift) 
will be determined, as well as the ablation 
quantity (melting, evaporation, and wind 
corrosion). 

The wintering party will have one full 
summer, two springs, and at least one autumn 
at its disposal for investigating the mountain 
areas, which will be photographed from the 
air as soon as possible for comparison with the 
photos still extant from the German expedi- 
tion. The most important object of these 
regional studies is to ascertain whether the 
recent climatic fluctuation, which has proved 
of so great importance in the Artic, also in- 
cludes the Antarctic or not. Thorough and 
detailed study would be devoted to the most 
interesting districts and their local glaciers, 
surrounded by the open inland ice or its more 
or less broad arms. 

The meteorological program includes not 
only the usual recordings of temperatures, 
humidity, and wind at ground level as well 
as at various heights on a ten meters heigh 
mast, but also all determinations of incoming 
and outgoing radiation, necessary for a cal- 
culation of the heat economy of the snow and 
ice surfaces. We attach special value to the 
daily launching of radiosondes and radar-wind 
mesurements in anticipating suitable coopera- 
tion with other stations in the Antarctic and 
adjacent continents to facilitate the inter- 
pretation of the data from our own station. 


In addition the Base Stations activities 
listed above regular observations will be made 
of earth magnetism, cosmic radiation, the 
ozone layer, and the aurora borealis. 

As already said, Great Britain will be 
responsible for the geology. No man has yet 
set foot on the large snow- and ice-bare regions 
of Queen Maud Land. Judging by the German 
photographs, widely different kinds of rocks 
and complicated tectonics must be expected 
there. Both crystalline and sedimentary rocks 
obviously occur there, the former including 
both schists and diabases. It also seems as 
though these would to a greater extent than 
the other kinds be associated with a more 
placid and even topography. What is most 
startling is the violent acuity of the alpine 
topography characterizing the mountain massifs 
in general and especially those in the area 
enclosed by long. 0°—ı0° E and lat. 72°— 
72° 30° S. The highest, acutely pyramidical 
peak has rightly been called “Matterhorn”: 
it would perhaps be even better characterized 
by the name “Kinchinjunga”. These mountains 
accentuate still more the new and essential 
problems associated with a full appreciation of 
the Antarctic and the world’s Ice Age, which 
are presented by Queen Maud Land. In any 
case it is of the greatest importance to a full 
understanding of the geological, tectonic, and 
topographical character of the Antarctic and 
its relations to the general structure of the 
southern hemisphere that these areas should be 
examined as extensively as possible by modern 
methods and from modern points of view. 


Hans W :son AHLMANN 


Swedish Meteorolo gical Research 1939— 1948! 


To a considerable extent the scientific me- 
teorological activities in Sweden during the 
war suffered from the com etition with the 
practical meteorological sl made necessary 
by the war conditions. Nevertheless à number 
of investigations of a more general bearing 
have been carried through and published. 


1 Based on a report to the meeting of UGC. 
at Oslo in 1948. 


A brief survey of the essentials of these 
researches will be given below. 

Aerology. A detailed examination of a 
cyclonic — disturbance passing over north- 
western Europe 17—18 October 1935 has 
been made by A. NYBERG 1942 and E. PALMEN 
with due regard to all available upper air data. 
Among the results may be mentioned that 
the upper tropical air was moving ahead of 
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the tropospherical warm front, thus giving 
rise to a kind of stratospherical cold front. A 
strong cooling occurred of the warm air 
ahead of the upper cold front. A deviation of 
the actual wind of up to about 15° from the 
geostrophic wind was found. 

In a thesis “Synoptic-aerological investiga- 
tion of weather conditions in Europe 17—24 
April 1939", NyBERG 1945 has made an exten- 
sive use of all available aerological observa- 
tions in order to obtain a clear conception of 
the atmospheric circulation in the cases in- 
vestigated. Among the results laid forward in 
the summary, the following may be men- 
tioned. The existence of distinct fronts also at 
higher air levels is in many cases undeniable, 
but there is good reason to believe their 
existence to be neither a necessary nor a 
sufficient condition for cyclogenesis or the 
formation of cyclonic rain areas. In a case of 
a cyclonic disturbance investigated, it was 
found that no distinct fronts existed at the 
start, but were kinematically formed in con- 
nection with a later development. 

In cyclones a transformation of warm air 
occurs by the occlusion process during the 
elevation, while in the sub-tropical high- 
pressure areas transformation in the opposite 
direction takes place. 

Markus BÂTH 1946 has made an investiga- 
tion of three tornadoes which have occurred 
in Sweden in the years 1939 and 1942. His 
paper on the subject contains an examination 
of the synoptic conditions in the three cases 
and gives a theoretical consideration especially 
of the question of the energy supply. 

Climate. ÄNGSTRÖM 1939 a, b, 1941, 1942 a 
has carried out a number of investigations on 
climatic variations of temperature and pre- 
cipitation. He has emphasized especially the 
influence of variation in the general circula- 
tion of the atmosphere on the temperature 
variations and has pointed out that from 
theoretical reasons one ought expect the varia- 
tions to be much larger at very high than at 
middle and low latitudes. He has further 
discussed some fundamental principles which 
ought to be considered in defining climatic 
variations. He has drawn attention to the 
necessity of paying attention to the accidental 
variation of the meteorological elements in 
discussing the differences between longer series 
and in discussing so called climatic changes. 


Similar problems have also been treated by 
G. H. LirJEQUIST 1943 in his investigation of 
severe winters in Stockholm 1757—1942. 

A study by F. BERGSTEN 1945 on methods 
for determining the influence of wind on the 
water level of the oceans and their application 
on computations of the land elevation, deals 
with a combined meteorological and hydro- 
geological problem. Bergsten shows that 
determinations of the land elevation without 
due regard to the circulation of the atmosphere 
may give rise to serious misinterpretations. 

C. J. OSTMAN 1939 has investigated the 
connection between the ice conditions at the 
Swedish east coast and the meteorological 
factors. The paper is illustrated with numerous 
charts and diagrams, the text being given in 
Swedish and German language. 

A. ÄncströM and S. JACOBSON 1940 have 
investigated the temperature conditions in the 
lake Vänern and in its outlet, Götaälv, especi- 
ally with regard to the factors influencing the 
ice formation. The English summary contains 
several results of general interest among which 
may be mentioned a discussion of the marked 
temperature rise occurring in the water of the 
lake after a protecting ice layer of sufficient 
thickness has been formed. The consequence 
hereof is that the ice often is found to disappear 
or decrease in the outlet with an increase of 
the ice cover in the lake. 

T. BERGERON 1943 has in the book “Norge” 
by Hans Ahlmann given a short survey of the 
climate of Norway. He has investigated, 
1944 a, on the basis of synoptic meteorological 
observations the meteorological conditions for 
the dissemination of Spores, Pollen etc. A 
special case is subjected to a detailed treatment. 

A. ANGSTRÔM 1946 has in a treatise ‘‘Sveri- 
ges klimat” — the climate of Sweden — 
given a general survey over the climatic con- 
ditions of the country. The work is illustrated 
by numerous diagrams and maps. 

Hydrometeors. H. KÔHLER 1941 has made 
an experimental investigation on sea water 
nuclei. He has by means of Millikans method 
measured mass, radius, density and concentra- 
tion of droplets produced artificially in driving 
air through sea water. The masses of the salt 
particles in the drops have been calculated 
from the density. The rate of evaporation has 
also been preliminarily investigated. Among 
the results may especially be mentioned that 
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it was shown that droplets and nuclei artifi- 
cially produced in the way described, were of 
the same order of size as the particles and nuclei 
occurring within clouds and fog. 

Instrument and methods. NYBERG 1939 has 
with aid of a resistance bridge of the Kelvin 
type made measurements of the temperature 
in the air layers close to a snow surface. A 
maximum gradient of about 1°C mm was 
found close to the surface. The turbulence 
is active down to levels below ı mm. 

NYBERG 1940 has further studied the lag 
arising in readings by means of the Väisälä 
sonde. Errors in relative humidity of 30 to 
40 per cent are not rare on account of lag 
effects, to which it is consequently necessary 
to pay very careful attention. 

In another paper NyBERG 1942 b has pub- 
lished some results of comparisons between 
the air plane meteorograph, the Jaumotte 
meteorograph and the Väisälä radiosonde. 

In consequence of a commission by certain 
international bodies, N. G. JoHNson and H. 
OLSSON 1944 have carried out an investigation 
resulting in the development of methods for 
standardization of photoelectric elements by 
means of solar radiation. They have further 
studied the relation between radiation records 
by photoelectric cells and records of the total 
energy of incident radiation and devised 
methods by which the one record can be 
computed from the other one, under various 
conditions. 

NYBERG 1946 has made an investigation of 
the differences in the readings of the Väisäle 
radiosonde and the Friez radiosonde as used 
at Bromma air field in the year 1945. He 
concludes that the Friez sonde gave values 
which in general were about 2°.s C lower 
than those given by the Väisälä type. Inextreme 
cases the difference amounted to 5°C. He 
expresses the opinion that the difference is due 
to an error in the Friez sonde. 

Other researches. Through a collaboration bet- 
ween the Swedish Meteorological and Hydro- 
logical Institute and a committee established by 
the Royal Swedish Academy of Engineering 
Sciences, an extensive investigation of thunder- 
storms as regards the meteorological aspects 
has been inaugurated. The first results of this 
collaboration are given in a publication com- 


posed by preliminary treatises by LINDHOLM, 
MODÉN, Persson and ÄNGSTRÖM 1945. Further 
work is in progress especially directed on the 
problem of forecasting. Special “lability maps” 
are now drawn at the aerological division 
connected to the weather service, and on the 
basis of these maps and of the general analysis, 
forecasts of thunderstorms are issued. 
Warnings for forest fires are sent out by the 
Swedish Weather Service on the basis of 
results obtained by Äncström 1942 b in 
treating a number of field experiments made 
in order to establish a relation between in- 
flammability on the one hand and meteoro- 


logical factors like temperature and humidity 


on the other. 

LINDHOLM 1946 has made a study of the 
propagation of air waves from the explosion 
at Oslo on December roth. 1943. An analysis 
of the audibility observations in Sweden, com- 
bined with the results of available tropo- 
spheric data, seems to indicate that in order 
to explain the location of the abnormal zone 
one must assume, at the occasion investigated, 
a temperature distribution within the stra- 
tosphere, which is characterized by rather 
rapid increase with height at comparatively 
low altitude, namely already at 20—25 km. 
This agrees well with the results obtained by 
GUTENBERG from measurements of sound pro- 
pagation at previous explosions in Europe, 
but is less compatible with the winter tem- 
perature distribution given by Duckerr. 

Among researches, the results of which are 
not yet published, may be mentioned the 
comprehensive investigation carried out in 
connection with the total solar eclipse in 
northern Sweden July 9, 1945. The Swedish 
National Committee of Geodesy and Geo- 
physics cooperated in these researches with the 
Meteorological Institute of Helsingfors. An 
aerological investigation especially of tem- 
perature variations in the upper atmosphere 
and of radiation errors in the Väisälä radio- 
sonde was made including a series of aero- 
logical ascents at Uppsala and at Lövänger 
(64° 22 N 21.24 E.Gr.). At the same occasion 
extensive radiation measurements with aid of 
actinometers and photoelectric cells were 
carried out at Lövänger. 

ANDERS ANGSTROM 
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